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FOREWORD 


The wartime project for development of atomic energy was a re¬ 
markable feat of cooperation and accomplishment by government, 
science, industry, labor, and the military services.aimed exclusively 
at the military application of atomic energy. Our present national 
atomic energy program, expanding upon the previous developments, 
is directed not only toward the assurance of national security but 
also toward the realization of the immense potential benefits atomic 
energy holds for our civilization. The record of progress and the re¬ 
sults of extensive scientific investigations and engineering develop¬ 
ment are contained in the National Nuclear Energy Series. This 
knowledge, which offers the basis of world-wide benefits from nuclear 
science, is being published in the established scientific tradition, not 
solely to meet the precise needs of science but also in support of the 
high goals of the American people set forth in the Atomic Energy Act. 
The work reported in this series is a tribute to all the scientists en¬ 
gaged in both the Manhattan Project and the postwar Atomic Energy 
Commission program. 


Gordon Dean, Chairman 

U. S. Atomic Energy Commission 
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PREFACE 


This volume is one of a series which has been prepared as a record 
of the research work done under the Manhattan Project and the Atomic 
Energy Commission. The name Manhattan Project was assigned by 
the Corps of Engineers, War Department, to the far-flung scientific 
and engineering activities which had as their objective the utilization of 
atomic energy for military purposes. In the attainment of this objec¬ 
tive, there were many developments in scientific and technical fields 
which are of general interest. The National Nuclear Energy Series 
(Manhattan Project Technical Section) is a record of these scientific 
and technical contributions, as well as of the developments in these 
fields which are being sponsored by the Atomic Energy Commission. 

The declassified portion of the National Nuclear Energy Series, 
when completed, is expected to consist of some 60 volumes. These 
will be grouped into eight divisions, as follows: 

Division I — Electromagnetic Separation Project 
Division II — Gaseous Diffusion Project 
Division III — Special Separations Project 
Division IV — Plutonium Project 
Division V — Los Alamos Project 
Division VI — University of Rochester Project 
Division VII — Materials Procurement Project 
Division VIII — Manhattan Project 


Soon after the close of the war the Manhattan Project was able to 
give its attention to the preparation of a complete record of the 
research work accomplished under Project contracts. Writing pro¬ 
grams were authorized at all laboratories, with the object of obtaining 
complete coverage of Project results. Each major installation was 
requested to designate one or more representatives to make up a 
committee, which was first called the Manhattan Project Editorial 
visory Board, and later, after the sponsorship of the Series was 
assumed by the Atomic Energy Commission, the Project Editorial 
Advisory Board. This group made plans to coordinate the writing 
programs at all the installations and acted as an advisory group in 
all matters affecting the Project-wide writing program. Its last 

for^he^SeHes* 6 ^ ^ ^ 9 ’ 1948,When U recommended the publisher 
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The names of the Board members and of the installations which 
they represented are as follows: 


Atomic Energy Commission 

Public and Technical Information 
Service 

Technical Information Division, 
Oak Ridge Extension 

Office of New York Operations 

Brookhaven National Laboratory 

Carbide & Carbon Chemicals 
Corporation (K-25) 

Carbide & Carbon Chemicals 
Corporation ( Y - 12) T 

Clinton Laboratories t 

General Electric Company, Hanford 

General Electric Company, 

Knolls Atomic Power Laboratory 

Kellex Corporation 
Los Alamos 

National Bureau of Standards 

Plutonium Project 

Argonne National Laboratory 

Iowa State College 

Medical Group 

SAM Laboratories § 

Stone & Webster Engineering 
Corporation 

University of California 
University of Rochester 


Alberto F. Thompson 

Brewer F. Boardman 

Charles Slesser, J. H. Hayner, 

W. M. Hearon * * * § 

Richard W. Dodson 

R. B. Korsmeyer, W. L. Harwell, 
D. E. Hull, Ezra Staple 

Russell Baldock 

J. R. Coe 
T. W. Hauff 
John P. Howe 

John F. Hogerton, Jerome Simson, 
M. Benedict 

R. R. Davis, Ralph Carlisle Smith 

C. J. Rodden 

R. S. Mulliken, H. D. Young 

F. H. Spedding 
R. E. Zirkle 

G. M. Murphy 

B. W. Whitehurst 

R. K. Wakerling, A. Guthrie 

D. R. Charles, M. J. Wantman 


* Represented Madison Square Area of the Manhattan District. 

t The Y-12 plant at Oak Ridge was operated by Tennessee Eastman Corporation until May 4, 
1947, at which time operations were taken over by Carbide & Carbon Chemicals Corporation. 

t Clinton Laboratories was the former name of the Oak Ridge National Laboratory. 

§ SAM (Substitute Alloy Materials) was the code name for the laboratories operated by 
Columbia University in New York under the direction of Dr. H. C. Urey, where much of the 
experimental work on isotope separation was done. On Feb. 1, 1945, the administration of 
these laboratories became the responsibility of Carbide & Carbon Chemicals Corporation. 
Research in progress there was transferred to the K-25 plant at Oak Ridge in June, 1946, and 
the New York laboratories were then closed. 



PREFACE 


IX 


Many difficulties were encountered in preparing a unified account 
of Atomic Energy Project work. For example, the Project Editorial 
Advisory Board was the first committee ever organized with repre¬ 
sentatives from every major installation of the Atomic Energy Project. 
Compartmentation for security was so rigorous during the war that 
it had been considered necessary to allow a certain amount of dupli¬ 
cation of effort rather than to permit unrestricted circulation of 
research information between certain installations. As a result, the 
writing programs of different installations inevitably overlap markedly 
in many scientific fields. The Editorial Advisory Board has exerted 
itself to reduce duplication in so far as possible and to eliminate 
discrepancies in factual data included in the volumes of the NNES. 
In particular, unified Project-wide volumes have been prepared 
on Uranium Chemistry and on the Analysis of Project Materials. 
Nevertheless, the reader will find many instances of differences in 
results or conclusions on similar subject matter prepared by different 
authors. This has not seemed wholly undesirable for several reasons. 
First of all, such divergencies are not unnatural and stimulate in¬ 
vestigation. Second, promptness of publication has seemed more 
important than the removal of all discrepancies. Finally, many Proj¬ 
ect scientists completed their contributions some time ago and have 
become engrossed in other activities so that their time has not been 

available for a detailed review of their work in relation to similar 
work done at other installations. 

The completion of the various individual volumes of the Series has 

also been beset with difficulties. Many of the key authors and editors 

have had important responsibilities in planning the future of atomic 

energy research. Under these circumstances, the completion of this 

technical series has been delayed longer than its editors wished. The 

volumes are being released in their present form in the interest of 

presenting the material as promptly as possible to those who can 
make use of it. 


The Editorial Advisory Board 



The Manhattan Project Technical Section of the National Nuclear 
Energy Series is intended to be a comprehensive account of the sci¬ 
entific and technical achievements of the United States program for 
the development of atomic energy. It is not intended to be a detailed 
documentary record of the making of any inventions that happen to be 
mentioned in it. Therefore, the dates used in the Series should be 
regarded as a general temporal frame of reference, rather than as 
establishing dates of conception of Inventions, of their reduction to 
practice, or of occasions of first use. While a reasonable effort has 
been made to assign credit fairly in the NNES volumes, this may, in 
many cases, be given to a group Identified by the name of its leader 
rather than to an individual who was an actual inventor. 



COLUMBIA UNIVERSITY PROJECT FOREWORD 


Government-supported research on nuclear energy first occurred 
in early 1940 when certain funds made available by the Army, Navy, 
and National Bureau of Standards were used for experiments at 
Columbia University. The subsequent history of this project as it 
expanded in many other universities and industrial laboratories is 
told in detail in the Smyth Report. Two of the major programs began 
at Columbia University: the uranium-graphite pile reactor and the 
gaseous diffusion method of uranium 235 separation. 

Lack of sufficient laboratory space at Columbia for the develop¬ 
ment of both programs led to the transfer in the spring of 1942 of the 


uranium-graphite reactor program to the University of Chicago. The 
program of separation of uranium 235 by gaseous diffusion and vari¬ 
ous ancillary projects developed rapidly until not only all available 
space in the Columbia University buildings was occupied but, in addi¬ 
tion, an even greater amount of rented space. 

The project for the separation of uranium isotopes by gaseous 
diffusion was first carried forward through various government con¬ 
tracts under the direction of Harold C.Urey, Professor of Chemistry, 
and John R. Dunning, Assistant Professor of Physics. In 1943 the 
work was unified under a single contract with the Manhattan Engineer 
District with Professor Urey as Director. An account of the research 
on the major assignment, the separation of the uranium isotopes, is to 
be found elsewhere in the National Nuclear Energy Series. The vol¬ 
umes that this preface introduces deal with the general mathematical 
eory of isotope separation, with some new experimental methods of 
separating isotopes, with spectroscopic properties of uranium com- 
pounds, and with the chemical and physical properties of heavy water 
and other deuterium compounds. Most of this work was done at 

Standi' P ar ^ s of At were carried on at the National Bureau of 
Standards and at The Johns Hopkins University. 


George B. Pegram 

Chairman, Columbia University Division 
of War Research, 1941-1945 
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PUBLISHER’S NOTE 


Although every effort has been made to ensure accuracy in ref¬ 
erences, at the time of publication of this book some of the other 
volumes of the Series had not been completed. It is therefore pos¬ 
sible that some of the references to other volumes are in error. It is 
hoped that the extensive cross checking which has been done in the 
preparation of this volume has resulted in keeping such errors to a 
minimum. 



VOLUME PREFACE 


The scientific and technical aims of the Manhattan Project required 
comprehensive and reliable information on isotopes of many ele¬ 
ments. Existing data on the isotopes of hydrogen were more complete 
than for other elements because of the relative ease with which its 
isotopes could be separated. Even in this case, some of the published 
facts were conflicting, and numerical values of important physical 
properties were often in doubt. This book is the result of efforts 
made to improve the situation by a critical evaluation of the published 
literature, supplemented by additional experiments performed mostly 
at the SAM Laboratories at Columbia University. Many of the tech¬ 
niques and results are being published here for the first time. 

The physical properties of heavy water are discussed in Chap. 1. 
Chapter 2 covers chemical equilibriums or exchange reactions, which 
are of considerable importance in the general problem of isotope sep¬ 
aration and are of fundamental interest in chemical thermodynamics. 

A suitable and precise method of isotopic analysis is probably the 
most important single experimental technique required in Working 
with isotopes. For nonradioactive isotopes such as protium and 
deuterium, this need is not easy to satisfy. The methods employed 
depend either on the use of the mass spectrometer or on the de¬ 
termination of some physical property of the isotopic mixture. Most 
of these methods are described in detail in Chaps. 3 through 5, but 
many refinements and improvements were required before analytical 
procedures that were satisfactory for very precise work could be 
achieved. The final developments did, however,yield such procedures 
and made it possible to analyze hydrogen mixtures over the whole 
concentration range front pure protium to pure deuterium. With such 
techniques available, it was then possible to study the perplexing and 
confused problem cf reported isotopic variations in nature. Samples 
of water from a number of sources that were selected after consider¬ 
ation of their possible geological significance were carefully analyzed 
and definitive results were obtained. These results, described in the 
last chapter of the book, should prove of great value to any future 
hypothesis concerning terrestrial isotopic variations. 

Credit should be given to the following personnel of the AEC Tech¬ 
nical Information Service for their work in preparing this volume 
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for publication: A. F. Thompson and C. P. Chadsey of the executive 
staff; C. B. Holmes, Art Director; R. L. Cummins, Chief, Art and 
Composition Section; A. M. Wald, Chief, Editorial Section; W. M. 
Vaden, M. T. Henry, and the Proofreading Unit; W. J. Pearson and 
the Illustration Unit; H. M. Jacoby and the Technical Camera Unit; 
J. W. Jarvis and the Machine Composition Unit; C. R. Bruce and the 
Special Composition Unit; E. Immerblum and the Makeup Unit; and 
C. E. Shelton and the Correction Unit. Detailed editorial work was 
completed by J. T. Milloway, Jr., under the supervision of A. S. 
Higgins, Special Editorial Unit. 


George M. Murphy 
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Chapter 1 


PHYSICAL PROPERTIES 


1. INTRODUCTION 

Since deuterium and hydrogen differ so greatly in mass, it is to be 
expected that corresponding deuterium and hydrogen compounds will 
differ in their various physical properties. As will be seen, the nu¬ 
merous methods of analysis and the methods of separation and con¬ 
centration of the isotopes are based on such differences. It was the 
difference in the vapor pressures of H 2 and HD that permitted Urey, 
Brickwedde, and Murphy 1 to prove the existence of deuterium. 

The difference in properties of the two isotopes is greatest in the 
case of the hydrogens and their compounds. 54 For this reason, and 
also because of the general availability of deutero compounds on an 
experimental scale, much work has been done on the chemistry and 
physics of these compounds, especially on D 2 0 and H z O. Some of this 
work has led to the publication of contradictory data. This has re - 
suited in confusion in the minds of the many workers who used the 
data for heavy water but did not have the time required for evaluating 
the available information. A critical study of the available data on the 
physical properties of heavy water was therefore made by Kirshen- 
baum. 2 This survey indicated the need for additional experiments on 
heavy water. The results of these experiments, together with the data 
discussed in the survey are evaluated and correlated in this chapter. 

2. MOLECULAR WEIGHT 

• 

If the atomic weights given by Birge 3 are used, the molecular weight 

of heavy water on the physical scale is 20.03382, and on the chemical 

scale it is 20.02836 [if the Q 18 : O 18 : O 17 ratio is taken as (506 + 10) • 1 • 
(0.204 ± 0.008)]. “ 


i 
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3. SPECIFIC GRAVITY AND RELATED PROPERTIES 

3.1 Specific Gravity , (a) Introduction . Many values have been 
reported for the specific gravity of heavy water. It is of interest to 
survey briefly the status of the problem prior to the work that will be 
described in this section. Some of the data reported earlier were 
quite preliminary in character and will not be discussed here. As to 
the other data, Taylor and Selwood 4 ' 5 reported in 1934-1935 a specific 
gravity of S 20 = 1.1059 and a specific gravity of S 28 = 1.10790. In 1936 
Timmermans et al. 6 reported a specific gravity of S 20 = 1.10556, and 
in 1938 Tronstad and Brun 7 published a value of S 20 = 1.10530. John¬ 
ston 8 found a specific gravity of S 27 = 1.10768. Using these various 
specific-gravity values and the thermal-expansion data discussed 
later in this chapter, the specific gravities of D z O with a normal oxy¬ 
gen-isotope content at 25°C may be calculated as shown in Table 
1.1. The Taylor value is the one that was used in much of the older 
literature. 


Table 1.1—Specific Gravities of D a O at 25°C 


Specific gravity 


Observer 

S” 

025 

& 25 

Tronstad 

1.10441 

1.10765 

Timmermans et al. 

1.10467 

1.10791 

Taylor and Selwood 


1.10790 

Johnston 

1.10430 

1.10754 


Average 

1.10775 ± 0.00016 


A study of published results and experimental techniques seemed 
to indicate that the work of Tronstad and collaborators 7 ’ 9 was the 
most precise and possibly the most accurate. Subsequently, however, 
Crist and Kirshenbaum, 10 in proposing a general equilibration method 
of analyzing water for its deuterium content, applied the method to 
various available data and concluded that the specific gravity of D z O 
at 25°C was probably greater than = 1.10764. The data they used 
indicated a specific gravity of 1.1078 7 ± 0.00010. These data are re¬ 
produced graphically in Fig. 1.1. It is evident that the value of 1.1078 7 
may easily be in error by as much as 0.00010 unit, depending upon 
which points on the graph are given the greatest weight. Inasmuch as 
a more accurate value for this important constant was needed, the 
specific gravity of D z O was redetermined by Kirshenbaum, Graff, and 
Forstat, 12 who obtained a value of S 2 8 = 1.10775 ± 0.00003. 
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(b) Experimental Determination of Specific Gravity at 25°C . The 
D Oused for this new specific-gravity determination was made by the 
electrolytic concentration of 2 liters of water; the concentrate was 



Fig. 1.1—Analysis of data given by Crist and Kirshenbaum. Source of data: x, Min¬ 
nesota (Nier) spectrometer (equilibration); A, Minnesota (Nier) spectrometer (combus¬ 
tion); O, Columbia spectrometer (equilibration). 


about 99 per cent D 2 0. The D 2 off-gas was burned with tank oxygen, 
and the water thus obtained was collected in aliquots for analyses! 
The apparatus used for making this water is shown in Fig. 1.2. 

The apparatus, as can be seen from the sketch, had mercury cut¬ 
offs, thus obviating the need for stopcocks in the path of the off-gas 
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The apparatus was also equipped with automatic relays and circuit 
breakers, which permitted continuous operation of the cell without 
extensive supervision. The electrolytic cell had platinum electrodes, 


<9 



Fig. 1.2—Electrolysis cell and auxiliary apparatus. 


(1) Electrolysis cell 

(2) Cooling coil 

(3) Cathode lead 

(4) Cathode 

(5) Anode lead 

(6) Anode 

(7) Condenser 

(8) Solid-carbon dioxide coil trap 

(9) Ordinary trap, sometimes used 
with solid carbon dioxide 

(10) Cold finger condenser 


(11) Flowmeter 

(12) Mercury cutoff 

(13) Safety trap 

(14) Burner 

(15) Platinum tube 

(16) Tungsten wire for induction coil 

(17) Hydrogen manifold 

(18) Oxygen manifold 

(19) Lead to vacuum 

(20) Water collector 

(21) Copper oxide furnace 


and the electrolyte was 99 per cent D z O acidified with sulfur trioxide. 
The sulfur trioxide had been prepared from fuming sulfuric acid and 
had been dried over magnesium sulfate and phosphorus pentoxide. 
Before it was used, the sulfur trioxide was further purified by re¬ 
peated distillation from phosphorus pentoxide. 

The water to be electrolyzed was poured into the cell through 
a ground-glass joint (Fig. 1.2), and sufficient D 2 S0 4 was added to 
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make a 0.5N solution. The D 2 S0 4 had been prepared outside the elec¬ 
trolytic cell from 99 per cent D g O and the anhydrous sulfur trioxide. 
During the electrolysis the cell and its contents were cooled by (1) an 
external water condenser, (2) an internal water-cooling coil, and (3) 
an internal water finger condenser. The oxygen at the anode and the 
hydrogen at the cathode were separated by a glass diaphragm. Each 
gas, as it rose from the cell, passed through efficient water condens¬ 
ers, which served to decrease the humidity of the gas. The little 
water that did remain in the D 2 off-gas was removed by passing the 
gas through an ordinary solid—carbon dioxide trap and then through a 
solid-carbon dioxide coil trap. Experiments showed that this proce¬ 
dure successfully reduced the humidity of the D 2 off-gas to a point 
where the water carried over, if any, did not introduce any detectable 
effects in the final results. The D 2 gas was then burned with electro¬ 
lytic oxygen obtained from commercial tanks. The oxygen flow was 
regulated by means of a flowmeter. The oxygen was purified before 
use by passing it over hot copper oxide and through two efficient 
solid-carbon dioxide traps. 

The burning of the D 2 gas was quantitative, and the water formed 
was collected in aliquots in special containers. Each aliquot was pu¬ 
rified in its container by a vacuum distillation from a barium oxide 
and potassium permanganate solution. This first distillation was fol¬ 
lowed by a neutral vacuum distillation. The barium oxide used in the 
alkaline distillation had been re crystallized from 99 per cent D z O and 
dried before use. The potassium permanganate had not been exten¬ 
sively treated with heavy water because calculations show that for the 
amount used no appreciable error would be introduced in the final 
results by using commercially obtainable c.p. potassium permanga¬ 
nate . 

After the second distillation a sample of water was transferred by 
means of a vacuum siphon from the purification flasks to an equilibra¬ 
tion flask.. There the D 2 and O 18 contents of the water were determined 
by the equilibration methods discussed in Chap. 4. Another sample of 
the purified water was transferred to a precision pycnometer and the 
specific gravity of the water was determined. 

After this specific-gravity determination the water in the pycnom¬ 
eter was transferred back to the original container and repurified by 
an alkaline distillation followed by a neutral vacuum distillation. 
These repurification procedures were identical with those used for 
the initial purification of the water. The repurified water was again 
analyzed for its D 2 and O 18 contents, and its specific gravity was re¬ 
determined. In some instances this entire procedure was repeated 
several times. In all this work the glass apparatus was washed with 
99 per cent D z O and baked under vacuum before use. 
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In order to check the purification procedure further and to mini¬ 
mize personal error, several of the aliquots were divided into two 
fractions. One fraction was given the above treatment, and the other 
fraction was sent by Kirshenbaum, Graff, and Forstat 12 to the Metal¬ 
lurgical Laboratory at the University of Chicago for independent 
study. There 11 each sample was purified by a vacuum distillation onto 


Table 1.2 — Comparison of Data from the Two Laboratories 


Specific gravity S” 


Sample 

Columbia University 

Metallurgical Laboratory 

Average 

H-2045 

1.107706 

t 0.000020 

1.107707 + 0.000001 

1.107706 

H-2052 

1.107716 

♦ 0.000001 

1.107712 + 0.000004 

1.107714 

C-R 

1.107862 

± 0.000006 

1.107889 ± 0.000002 

1.107875 


a few crystals of potassium permanganate and calcium oxide followed 
by two redistillations. After the specific gravity was determined, 
each sample except one was repurified and the specific gravities 
were redetermined. The agreement between the two laboratories was 
excellent, lying well within the accuracy of the measurements and 
calculations, as can be seen from the data in Table 1.2. 

Two precision pycnometers were used by Kirshenbaum, Graff, and 
Forstat in this work. The two pycnometers were almost identical, 
differing only slightly in capacity. One is shown schematically in 
Fig. 1.3. The capacity of the pycnometers was about 23 ml. In filling 
a pycnometer the siphon was attached to the bent arm by means of the 
ground-glass joints. The bottom of the siphon was placed in the water 
sample to be transferred, and suction was applied gently by means of 
a drying tube to the mouth of the straight arm. After the pycnometer 
was filled, the ground-glass joints were dried, if necessary, and the 
arms were capped. If the pycnometer had been filled properly, the 
capillary arms were free of air bubbles. Otherwise it was necessary 
to remove the air bubbles before the weighing. When the pycnometers 
were filled, they were brought to temperature in a thermostat in 
which the temperature was kept constant to several thousandths of a 
degree. The levels of the menisci in the two capillary arms were 
noted, and the weight of the pycnometers was determined on a mag¬ 
netically damped Seederer-Kohlbusch balance. This balance, which 
has a capacity of 200 g, is guaranteed by the manufacturer to have a 
sensitivity and reproducibility of 0.05 mg with full load. The weights 
used with the balance were carefully calibrated. In all determinations 
the pycnometers weretared in order to minimize gravimetric errors. 



VERY 
0.5 M 
3 MM 



The capillar 
by means 
brated wit 
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Before the results are discussed it would be best to examine a set 
of typical calculations in order to see and appreciate better the cor¬ 
rections that must be applied to the data before the final results are 
obtained. 

(c) Typical Calculations . (1) Calibration of Pycnometer No. 4 . 
Pycnometer filled with boiled distilled water 
Atmospheric temperature, 29°C 
Humidity, 56 per cent 
Barometric pressure, 761 mm Hg 
Stem readings of menisci: 

Bent stem, 6.7 units above zero mark 
Straight stem, 6.0 units above zero mark 
Volume of water in stems: 

6.7 x 3.82 x 10 -4 = 0.00256 ml 
6.0 x 3.60 x 10" 4 = 0.00216 ml 

Total = 0.00472 ml 

Weight of fared pycnometer plus water 
Weight of fared pycnometer 
Uncorrected weight of water 
Correction for buoyancy: 


22.40883 g 
0.02537 g 
22.38346 g 



= W obs 


1 (dair/8.4) 

1 ~ (dair/dx) 


where W c 

W obs 

d 


air 


dx 

8.4 

Therefore 


weight of the water corrected for buoyancy 
observed weight in air 

density of the air at the atmospheric humidity, tempera¬ 
ture, and pressure during the weighing 
density of the water 
density of the brass weights used 



# 

= 22.38346 x 


1.160 x IQ- 3 
8.4 

1.160 x 10 ~ 3 
0.997074 


22.40643 g 


Volume of water in pycnometer = 


22.40643 


= 22.47218 ml 


0.997074 

Volume of water in side arms 0.00472 ml 

Volume of pycnometer to zero marks 22.46746 ml 

(2) Specific Gravity of Sample H-2036a (in Pycnometer No. 3) . 
Room temperature, 26°C 
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Humidity, 36 per cent 
Barometric pressure, 760 mm Hg 
Stem readings of menisci: 

Bent stem, 6.0 units above zero mark 
Straight stem, 6.0 units above zero mark 
Volume of water in stems: 

6.0 x 3.11 x 10‘ 4 = 0.00187 ml 
6.0 x 3.18 x 10“ 4 = 0.00191 ml 

Total = 0.00378 ml 

Weight of water in stems = 0.00378 x 1.1044 = 0.00417 g 
Weight of tared pycnometer No. 3 

plus sample H-2036a 26.27474 g 

Weight of tared pycnometer No. 3 0.20335 g 

Uncorrected weight of sample H-2036a 26.07139 g 

Correction for buoyancy: 


W c = 26.07139 x 


1.175 x 10‘ 3 
8.4 

1.175 x 10~ 3 
1.1044 


26.09551 g 


Weight of water in side arms 
Weight of sample H-2036a water 
in pycnometer to zero mark 
Volume of pycnometer No. 3 

Density of sample H-2036a water 


0.00417 g 

26.09134 g 
23.62502 ml 
26.09134 g 

23.62502 ml “ 1 ‘ 104394 e/ml 


Specific gravity 


25 1.104394 

25 0.997074 


1.107635 


It is evident from these calculations that the last decimal place is 
not very significant. The buoyancy correction, for example, is quite 
sensitive, so far as the last decimal place is concerned, to the value 
taken for the density of the air. If the reading of the barometric pres¬ 
sure is in error by +0.6 mm Hg, the reading of the atmospheric tem¬ 
perature in error by ~0.3°C, and the reading of the humidity in error 
by 2 per cent, then an error of 2 to 3 would be introduced in the 
sixth decimal place in the specific gravity. Moreover, the weighings 
were uncertain to several hundredths of a milligram. This introduced 
errors of several more parts per million in the final results. The 

last decimal place will not be dropped, however, until the final result 
is secured. 

^ Correction for O le Content. Since a variation in the O 18 content 
In water may affect the specific gravity of the water in the last sig- 
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nificant decimal places, it is necessary to specify the O 18 content as 
well as the deuterium content when quoting a density or specific 
gravity. This is especially important when a standard is being estab¬ 
lished, as is the case here. There are two ways in which the O 18 con¬ 
tent of a water may be specified. The more obvious method is the 
determination of the absolute value of the O 10 /O 18 ratio in the water. 
This procedure, however, is fraught with many experimental difficul¬ 
ties. The other method is to quote the O 18 content of the standard 
water in terms of a reference water. This procedure obviates the 
need for the determination of the absolute value of the O 10 /O 18 ratio 
of the standard water. This method, consequently, is free of many 
experimental difficulties connected with the determination of absolute 
values of isotopic ratios. It is essentially this procedure which was 
used by Kirshenbaum, Graff, and Forstat. By means of the carbon 
dioxide-equilibration method (Chap. 4) they determined experimen¬ 
tally the O 18 content of their D z O samples relative to the O 18 content 
of the Columbia University distilled water. Then they corrected the 
observed specific gravity for any differences in the O 18 content in the 
heavy samples from the O 18 content in distilled water. 


Typical Calculation of Correction for O 18 Content . 

Specific gravity of sample H-2036a, S|| 1.107635 

Mole per cent O 18 in sample H-2036a 

minus mole per cent O 18 in the distilled water +0.011 

Effect of 0.001 mole % O 18 on density, in 

specific-gravity units 0.0000012 

Correction to be applied to above specific gravity -0.000013 
Specific gravity of sample H-2036a corrected 

for O 18 content, Sg 1.107622 


As will be seen in Chap. 6, the variations in the O 18 content of the 
many large bodies of natural water studied are small, and the effect 
of these variations upon the density of the water is negligible when 
compared with the ±0.00003 error (see Sec. 3.1e) specified for the 
value of Sg = 1.10775 for the specific gravity of D z O. Thus this value 
for the specific gravity is for D z O having the “normal” 0 16 /0 18 ratio. 

(e) Results. The experimental results are summarized in Table 
1.3. Sample C-R is the cell residue. It was siphoned from the cell at 
the end of the electrolysis. Owing to the construction of the cell, ex¬ 
perimental difficulties were encountered in this process. These dif¬ 
ficulties, combined with the hygroscopic nature of very concentrated 
D 2 S0 4 , resulted in some dilution of the cell residue. This dilution, 
however, did not affect the results, since the D 2 and O 18 contents of 
the sample were determined directly by analysis. It should be pointed 
out, moreover, that the O 18 correction for the cell residue was quite 
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large (0.000206 specific-gravity unit). This could easily introduce an 
error of 1 or 2 in the fifth decimal place. 

The values for the specific gravities given in the last column of 
Table 1.3 have been extrapolated analytically in order to obtain the 
specific gravity of pure D z O, with an O 18 content the same as that of 
the Columbia University distilled water. The extrapolation formulas 


Table 1.3 — Specific Gravity in the 100 Per Cent D a O Range 





Observed specific gravity Sff 

Excess O 18 over 

Specific 

Sample 

Mole % D 

Number of 

determi¬ 

nations 

Mean 

value 

Average 

deviation 

that in Col. Univ. 
distilled water, 
mole % O 18 

gravity* 
corrected 
for O** 

H-2020 

99.73 

± 0.03 

2 

1.107442 

±0.000003 

(+0.008)t 

1.107431 

H-2033 

99.91 

± 0.02 

# 

2 

1.107655 

±0.000001 

+0.006 

1.107648 

H-2036 

99.91 

± 0.03 

2 

1.107635 

±0.0000005 

+0.011 

1.107623 

H-2045 

99.94 

± 0.02 

3 

1.107706 

±0.000011 

+0.008 

1.107696 

H-2052 

99.95 

± 0.02 

4 

1.107714 

±0.000005 

+0.004 

1.107709 

C-R 

99.90 

± 0.02 

4 

1.107875 

±0.000014 

+0.172 

1.107669 


‘Correction is based upon 0.001 mole % O 18 = 0.0000012 specific-gravity unit. 
tThis sample was not analyzed for O 18 . The oxygen correction was obtained by 
assuming it to be about the same as for the other samples. 


are derived in Sec. 3.4. The results of the extrapolation are sum¬ 
marized in Table 1.4. 

An estimate of the various errors in the calculations, extrapola¬ 
tions, and experimental techniques involved in obtaining the specific 
gravity of D 2 0 leads to a value of = 1.10775, with an uncertainty of 
±0.00003. This uncertainty is equivalent to an uncertainty of ±0.03 
mole % H in the 100 per cent D z O range. Voskuyl and Barash 23 re¬ 
ported a specific gravity of S“ = 1.107744, which is in excellent 
agreement with the value of S 2 | = 1.10774 8 of Table 1.4 or with the 
value of = 1.10775 quoted in this paragraph. 

The value for the D 2 0 specific gravity reported by Voskuyl et al. 84 
was determined by them in a manner similar to that used by Kirshen- 
baum, Graff, and Forstat. Deuterium gas practically protium-free 
was prepared in an electrolytic cell. This gas was burned in tank 
oxygen to form water of high deuterium concentration. This water 
was then analyzed by equilibration and the specific gravity was de¬ 
termined . 

3,2 Thermal Expansion . Thermal-expansion data for D a O have 
been obtained by Stokland, Ronaess, and Tronstad, 9 Chang and Chien, 13 
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and Lewis and MacDonald. 14 The data reported by these workers have 
been correlated and recalculated on the basis of the new value of 
1.10775 for the specific gravity of 100 per cent D 2 0 at 25°C. The re¬ 
sults of these calculations are summarized in Table 1.5 and Fig. 1.4. 


Table 1.4 — Specific Gravity of Pure D 2 0 


Sample 

o25* 

& 25 

H-2020 

1.10772 ± 0.00003 

H-2033 

1.10775 ± 0.00002 

H-2036 

1.10772 ± 0.00003 

H-2045 

1.10776 + 0.00003 

H-2052 

1.10776 ± 0.00003 

C-R 

1.10778 ± 0.00004 


Average 1.10774 e 


*The deviations given in this column 
include the uncertainties in the isotopic 
analyses.* 


Table 1.5—Thermal-expansion Data for D 2 0 


Temp., 

Density at t°C 

°C 

Density at 25°C 

5 

1.00097 

7 

1.00118 

9 

1.00133 

10 

1.00136 

11 

1.00137 

12 

1.00137 

13 

1.00135 

14 

1.00132 

15 

1.00127 

16 

1.00121 

17 

1.00112 

18 

1.00103 

19 

1.00093 

20 

1.00081 

22 

1.00053 


emp., 

Density at t°C 

°C 

Density at 25°C 

23 

1.00036 

24 

1.00019 

25 

1.00000 

26 

0.99980 

27 

0.99959 

28 

0.99936 

29 

0.99915 

30 

0.99890 

32 

0.99840 

34 

0.99786 

35 

0.99757 

36 

0.99726 

38 

0.99663 

40 

0.99597 


3.3 Maximum Density . The temperature of maximum density of 
100 per cent D 2 0 was reported by Stokland, Ronaess, and Tronstad 9 
to be 11.23 ± 0.02°C. If their data are recalculated on the basis of 
S 2 g = 1.10775, the maximum density is 1.10602 g/ml. Chang and 
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Chien 38 found the maximum density to be at 11.21 ± 0.05°C. The max¬ 
imum density of ordinary water occurs at 3.98°C. Chang and Chien 13 
found that the maximum difference in the densities of D 2 0 and H z O 
occurs at about 40°C. A recalculation of their data, using the value 



Fig. 1.4—Thermal expansion of D a O. 


Szs T ** 10775 f0r shows 0118 difference to be 0.10783 c/ml 
Riesenfeld and Chang 15 list the densities of D a O and H a O new the 

criticai point of water. Their data indicate that the two waters have 

equal densities at 370°C. rs have 

r 85 B6l * K * # ' 
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3.4 Variation of Specific Gravity of Water with Deuterium Con¬ 
centration. 37 (a) Introduction . Longsworth 16 first derived a simple 
expression relating the specific gravity of water to its mole fraction 
of deuterium. Swift 17 subsequently recalculated the constants in the 
Longsworth equation, using the data of Tronstad and Brun. Huffman, 18 
however, objected to one of the approximations made by Longsworth 
in his derivation. Voskuyl 19 and Davis 82 rederived the formula, satis¬ 
fying the objections. In these derivations the following symbols will 
be used: 


d = density of the sample 
d n = density of normal water 
d t = density of protium oxide 
d 2 = density of deuterium oxide 
Ad = d -dj 
A'd = d 2 - d 

= molecular weight of protium oxide 
M 2 = molecular weight of deuterium oxide 
Nj = mole fraction of protium oxide 
N 2 = mole fraction of deuterium oxide 
S = specific gravity of the sample 
S n = specific gravity of normal water 
S x = specific gravity of protium oxide 
S 2 = specific gravity of deuterium oxide 
AS = S -Sj 
A'S = S 2 - S 

Vj = molecular volume of protium oxide 
V 2 = molecular volume of deuterium oxide 
<t> = volume fraction of deuterium oxide 

All the other symbols have their usual connotation or will be defined 
as used. 

(b) Mole Per Cent D in Terms of Absolute Density and Specific 
Gravity. Assuming additive molar volume relationships, 


NjMj + 

N 1 V 1 + N 2 V 2 


or 


(1 - N 2 )M 1 + N 2 M 2 

(1 - n 2 )v, + n 2 v 2 


Clearing fractions gives 
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Vjdtt -N 2 ) + V 2 dN 2 = (1 -NgjMj + N 2 M 2 


By definition 



and 



Substituting and collecting terms, 


Letting 


and 


then 





a Ad 
1 - b Ad 


Using the following values for the various constants: 












Mj = 18.01571 g per mole 
M 2 = 20.02836 g per mole 
d i = 0.997058 g/ml [assuming that protium 
oxide is lighter in density than norma] 
water by 16 ppm (see Chap. 6)] 
d 2 = 1.10451 g/ml 


S found that, at 25°C, 
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9.2735 Ad 
2 “ 1 -0.0329 Ad 


or 


Mole per cent D = 


927.35 Ad 
1 -0.0329 Ad 



Replacing Ad with ASd n and using d n = 0.997074 g/ml, 


Mole per cent D = 


924.64 AS 
1 -0.0328 AS 



where AS = S - 0.999984. 

(c) Mole Per Cent H in Terms of Absolute Density and Specific 
Gravity . These equations are useful in connection with waters of 
high deuterium concentration, where A'd = d 2 - d and A'S = S 2 - S. 
The derivation of these equations is similar to that given above for 
Eqs. 1 and 2 at 25°C. 


Mole per cent H 


933.97 A'd 
1 + 0.0335 A'd 



and 


Mole per cent H 


931.24 A'S 
1 + 0.0331 A'S 



where A'S = 1.10775 - S. 

(d) Equations in Terms of Volume Per Cent . If ideal solutions be¬ 
tween protium and deuterium oxides are assumed, the volume per 
cent is a linear function of the densities or specific gravities. 


Volume per cent D z O = 


100 Ad 

d 2 -di 


or, at 25°C, 


Volume per cent D z O = 930.65 Ad 



and 


Volume per cent D z O = 927.93 AS 


(6) 
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Similarly, 


Volume per cent H z O = 


100 A'd 

d 2 -d, 


or, at 25°C, 

Volume per cent H z O = 930.65 A'd (7) 

♦ 

and 

Volume per cent H z O = 927.93 A'S (8) 

(e) Equations in Terms of Weight Per Cent . If 0 = the volume frac¬ 
tion of D z O and g = grams of water, then 

_ 100 g of D„0 100 0d 2 

Weight per cent D z O = g of D2 o + g of H 2 0 = ^d, + (1 - 


Substituting for 0, 


Weight per cent D 2 0 = 



Ad + dj 


Then, at 25°C, 


Also 


1027.91 Ad 

Weight per cent D z O = Ad ~ 097 058 


100 


Weight per cent D 2 0 = 


/ S 2 AS \ 

\s 2 - S J 


AS + Si 


(9) 


or, at 25°C, 


Weight per cent D,0 = 


1027.91 AS 
AS + 0.999984 


( 10 ) 








W-: 





4. MOLECULAR VOLUME AND PHASE DIAGRAM 

-volume-temperature relations of both liquid D z O and 
been measured between -20 and +95°C and up to 12,000 
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kg/sq cm by Bridgman. 20 The transition parameters of the liquid and 
solid modifications of D z O in the range from -60 to +20°C and up to 
about 9,000 kg/sq cm are reported in the same paper. The molecular 
volume of liquid D 2 0 is greater at any pressure and temperature 
than that of H 2 0 at the same pressure and temperature. The general 
tendency seems to be for the volume excess to become less with both 
rising temperature and rising pressure. The triple points in the D 2 0 
diagram, moreover, all occur at higher temperatures, and the tran¬ 
sition lines, except those running approximately vertical, all run at 


Table 1.6—Volume Change on Melting 



Bridgman 20 

Timmermans 
et al.® 

Bartholome and 
Clusius 21 

Average 

D 2 0, cc per mole 

1.56 

1.62 

1.58 


H 2 0, cc per mole 

1.62 

1.65 

1.64 


DjO/H^O ratio 

0.96 

0.98 

0.96 

0.97 


higher temperatures than in the H z O diagram. Bridgman’s data are 
based on S 2 | = 1.10790 for the specific gravity of D z O and on the 
earlier thermal-expansion data of Lewis and MacDonald. 14 Therefore 
it is recommended that for very accurate work his data on D 2 0 be 
recalculated on the basis of the more recent values for the specific 
gravity and thermal expansion of D 2 0, as given in the earlier sections 
of this chapter. 

The volume change on melting has been determined in various lab¬ 
oratories. The values reported for the change at normal pressures 
are summarized in Table 1.6. 

The volume change on melting for D z O is thus 97 per cent of the 
volume change for H z O. 


5. LATTICE CONSTANTS 

The structure of crystalline D 2 0 is the same as that of ordinary 
ice. The difference between the two crystals in cell dimensions is 
extremely small. There seems to be a real difference between the 
“a” dimensions at 0°C, but it is very small, certainly less than 
0.1 per cent. The results obtained by Megaw 22 are summarized in 
Table 1.7. 

The values for D z O at 0°C were calculated by interpolation from 
those at the melting point. The ratio of the molecular volumes of 
crystalline D 2 0 and H 2 0 at 0°C, as calculated from the spacings, is 
about 1.0014. This ratio should be compared to that of the molecular 
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volumes of the liquids at 25°C obtained from the densities. For Sg = 
1.10775 the ratio is 1.0035. 


Table 1.7 — Comparison of Crystalline Cell Dimensions 




Ordinary ice 

Heavy ice 

Probable limit 

Dimension 

Temp., °C 

tt^O), A 

(D a O), A 

of error, A 

Base of cell, a 

-66 

4.5085 

4.5055 

+0.002 


0 

4.5134 

4.5165 

±0.0014 


~4 (m.p.) 


4.5175 

±0.0014 

Height of cell, b 

-66 

7.338 

7.338 

±0.0035 


0 

7.3521 

7.3537 

±0.0012 


~4 (m.p.) 


7.3552 

±0.0012 



Table 1.8 — Melting Point of Heavy Water 


Temp., °C 

Observer 

Year 

Reference 

3.813 

Stokland 

1937 

24 

3.82 

Long and Kemp 

1936 

25 

3.80 

Eucken and Schaefer 

1935 

26 

3.82 

Bartholome and Clusius 

1935 

21 

3.82 

Timmermans and Deffet 

1935 

6 

3.82 

Taylor and Selwood 

1934 

4 

3.8 

Lewis and MacDonald 

1933 

14 


Table 1.9 Change in Melting Point with Pressure Ratio of dT/dP for D t O and 11,0 

Bridgman* 0 

Bartholome and 
Clusius* 1 

Deffet 6 

Timmermans 
et al. 6 

D 2 O/H^O ratio 0.92 

0.92 

0.96 

0.94 


6. MELTING POINT 


in lSe e i P 8 rted ^ meltl " g POlnt ° f heavy water are summarized 

an ?L e l re * 7 Z ^ g point of m^es of H 2 0 and D a O was found by LaMer 
and Baker” to obey the expression earner 


At = 39.42 AS - 38.8 (AS) a 
where AS = S“ - 1. For AS = 0.10775, t = 3.79°C. 
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The triple-point pressure was found to be 5.06 mm Hg. 21 

The change in the melting point with pressure has been studied by 
several laboratories. Their data are summarized in Table 1.9. The 
average of these results shows that the dT/dP value for the D z O sys¬ 
tem is 0.93 5 times that for the H z O system. 

7. BOILING POINT 

Stokland 24 found the boiling point to be 101.431 ± 0.003°C. This 
agrees with the earlier value of 101.42°C reported by Lewis and 
MacDonald 14 and with the value of 101.40 ± 0.016°C calculated from 
the vapor pressure curve by Miles and Menzies. 28 Smith and Wojcie- 
chowski 29 found that for dilute D 2 0-H 2 0 mixtures the mole per cent 
D 2 0 = 70.90(t - 100), where t is the boiling point in degrees centigrade. 
Extrapolation from 7 per cent D z O gives 101.41°C as the boiling point 
of pure D z O. 


8. CRITICAL DATA 

The critical data for D z O have been obtained by Riesenfeld and 
Chang. 15 They found the critical temperature to be 371.5°C (H z O: 
374.2°C), the critical pressure 218. 6 atm (H z O: 218.5 3 atm), and the 
critical density 0.363 g/ml (H z O: 0.325 g/ml). Their values are based 
upon S 20 = 1.10 5 9, as reported by Taylor and Selwood. (On the basis 
of the data given in this chapter S 20 = 1.1054.) 

9. VAPOR PRESSURE 

9.1 Vapor Pressure of D z O. The vapor pressures of solid D z O 
are given in Table 1.10. They were obtained from the data of Bar- 
tholome and Clusius 21 and Niwa and Shimazaki. 30 The vapor pressure 
curves (Figs. 1.5 and 1.6) for liquid D z O are based upon the data of 
Riesenfeld and Chang, 31 Miles and Menzies, 28 Wahl and Urey, 32 Niwa 
and Shimazaki, 30 and Lewis and MacDonald. 14 The values used in 
plotting are given in Tables 1.11 and 1.12. 

The ratios of the vapor pressures of H z O and D z O as a function of 
temperature have been calculated from these data and are given in 
Table 1.13. The two liquids (H z O and D z O) have the same vapor pres¬ 
sure at 224.3 ± 0.5°C, according to Miles and Menzies, and at 225 ± 
1°C, according to Riesenfeld and Chang. The latter investigators 
have also found that the maximum difference in the vapor pressures 
of H 2 0 and D z O is 82. 6 ± 2 mm Hg and that it occurs at 170 ± 1°C. 

9.2 Vapor Pressure of HDO . Lewis and Cornish 33 proposed that 
the vapor pressure of HDO is the geometric mean of the vapor pres- 
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sures of H 2 0 and D 2 0. Topley and Eyring 34 concluded from qualitative 
theoretical considerations that this is not a poor assumption. On this 
basis the ratio P^o/Phdo = p hdo/ p d 2 o ma y be calculated from the 
data in Table 1.13. The results of this calculation are presented in 
Table 1.14. 

If it is assumed that the various isotopic species of water form 
ideal solutions, then the fractionation factor for the concentration of 

Table 1.10—Vapor Pressure of Solid D a O 

Temperature, °C Pressure, mm Hg Pressure, atm 

0.0 3.65 0.00480 

1.0 3.93 0.00517 

2.0 4.29 0.00564 

3.0 4.65 0.00612 

3.82 5.05 0.00664 


hydrogen isotopes during the distillation of a sample of water con¬ 
taining a low concentration of deuterium is given by a = P H q/ p hdo> 
since the D z O concentration is slight (see following). For most pur¬ 
poses the assumptions that (1) the waters form ideal isotopic solu¬ 
tions and that (2) Phdo = (P^o/P^o)^ 2 are satisfactory. 

In 1935 Wahl and Urey 32 determined the ratio of the vapor pres¬ 
sures (P^o/Phdo) directly by means of a Rayleigh distillation. In 
their calculations it was necessary to assume that the ideal solu¬ 
tion laws were obeyed. Their results are summarized in Table 1.15. 
For comparison the vapor pressure ratios obtained from the data in 
Table 1.14 are included in the last column. Although the observed and 
calculated values agree within the experimental errors, it should be 

noted that m all cases the observed values are slightly higher than 
the calculated values. 


In order to obtain further information, Schutz and Zmachinsky 35 

determined a experimentally by means of a one-plate distillation. 

Their value for « is independent of any assumptions, since they 

found the ratio of H/D(vapor) to H/D(liq) directly. Their results 

indicate that at 100°C a = 1.029 5 ± 0.0018. It would thus seem that 

there may very well be a slight deviation in the water system from 

die assumptions outiined above. In any case the deviations are small 
being just outside experimental error. * 

ma^canv e in Pl F a il e ** SChUtZ “ d Zmachlns ky is shown sche¬ 

matically in Fig. 1.7. The apparatus had a vapor cup of 50 ml caoac 

ity. In operation the boiler was charged with 250 ml of water contain- 
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ing approximately 1 per cent deuterium, and the heat input was 
regulated to give a slow uniform rate of distillation of about 0.25 to 
1 ml/min. The still was operated for at least 14 hr (in one case as 


Table 1.11—Vapor Pressure of Liquid D z O below 1 Atm 
Temperature, °C Pressure, mm Hg Pressure, atm 


3.82 

5.05 

0.00664 

10.0 

7.79 

0.01025 

20.0 

15.2 

0.0200 

30.0 

28.0 

0.0368 

40.0 

49.3 

0.0647 

50.0 

83.6 

0.1100 

60.0 

136.6 

0.1797 

70.0 

216.1 

0.2843 

80.0 

331.6 

0.4363 

90.0 

495.5 

0.6520 

100.0 

722.2 

0.9503 

101.431 

760.0 

1.000 


Table 1.12 — Vapor Pressure of Liquid D 2 0 above 1 Atm 

Temperature, °C 

Pressure, mm Hg 

Pressure, atm 

110 

1,028 

1.353 

120 

1,434.5 

1.888 

130 

1,963.5 

2.584 

140 

2,640 

3.474 

150 

3,493 

4.596 

160 

4,554.5 

5.993 

170 

5,857 

7.707 

180 

7,438.5 

9.788 

190 

9,337.5 

12.29 

200 

11,597 

15.26 

210 

14,261 

18.77 

220 

17,379 

22.87 

230 

21,001 

27.63 

240 

25,207 

33.17 

371.5 


218.6 


long as 50 hr) before samples were taken for analysis. Preliminary 
experiments had shown that equilibrium was established in 9 hr. Thin 
drawn-out capilla r y tubes were placed in the boiler in order to pre¬ 
vent superheating of the liquid and its accompanying evils of nonuni¬ 
form bubbling, with liquid entrainment in the vapor. 
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Table 1.13—Ratio of the Vapor Pressures of HjO and D z O 


Temperature, °C P H ,o/ P D a o 


Temperature, °C P H,o/ p D a o 


o 

• 

o 

1.25, 

130.0 

1.032 

10.0 

1.18 a 

140.0 

1.027 

20.0 

1.15, 

150.0 

1.022 

30.0 

1.13 7 

160.0 

1.018 

40.0 

1-12, 

170.0 

1.014 

50.0 

1.107 

180.0 

1.011 

60.0 

1.094 

190.0 

1.008 

70.0 

1.081 

200.0 

1.005 

80.0 

1.071 

210.0 

1.003 

90.0 

1.061 

220.0 

1.001 

100.0 

1.052 

230.0 

0.998, 

110.0 

120.0 

1.045 

1.038 

240.0 

0.995, 


Table 1.14 — Ratio of the Vapor Pressures of H,0 and HDO 


Temperature, °C 


P H l0 /P 


HDO 


Temperature, °C 


p h,o/ p 


HDO 


0.0 

1.12 0 

10.0 

1>08 7 

20.0 

1.07, 

30.0 

1.06, 

40.0 

1.05, 

50.0 

1.052 

60.0 

1.046 

70.0 

1.040 

80.0 

1.035 

90.0 

1.030 

100.0 

1.026 

110.0 

1.022 

120.0 

1.019 


130.0 

140.0 

150.0 

160.0 

170.0 

180.0 

190.0 

200.0 

210.0 

220.0 

230.0 

240.0 


1.016 

1.0135 

1.011 

1.009 

1.007 

1.005 

1.004 

1.002 s 

1 . 001 , 

1 . 000 , 

0.999, 

0.997, 


Table 1.15 Wahl and Urey Data for the Rayleigh Distillation of Water 


Temperature, °C 


p h,o/ p hdo 

Wahl and Urey Calculated 


11.25 

23.00 

35.6 

46.35 


1.084 

1.08 

1.089 


1.076 

1.07 

1.066 

1.06 

1.062 

1.05, 
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Fig. 1.7—One-plate distillation apparatus. (1) Sampling line. (2) Air bath. (3) Ther¬ 
mocouple. (4) Thermocouple well. (5) Thermometer for air-bath temperature. (6) 
Vapor cup. (7) Heater flame. (8) Condenser. (9) Calcium chloride tube. 
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Operation of the still with ethanol-water mixtures had shown that 
the “vapor sleeve” built into the apparatus (together with the asbestos 
lagging on the neck of the flask and the aluminum paint on the boiler 
above the liquid level) was not sufficient to prevent completely the 
fractionation of the mixture by reflux. It was found necessary to en¬ 
close the whole boiler in an air bath, as shown in Fig. 1.7, and to 




TO SUCTION 


Fig. 1.8 Sampling pipets. (a) Cold-sample pipet for vapor-sample cup. (b) Hot- 
sample pipet for boiler sample. 


maintain the temperature of the air bath slightly above that of the 
boiling solution before reflux was entirely eliminated. 

After 14 or more hours of operation the distillation was stopped. 
Immediately thereafter liquid samples were taken from both the boiler 
and the vapor cup by using the pipets shown in Fig. 1.8. Before the 
samples were taken, the sampling lines (see Fig. 1.7) were flushed 
y drawing out 5 to 10 ml of liquid from the apparatus and discarding 
The sampling pipets were then connected to the sampling lines by 
means of rubber tubing. No liquid came into contact with the rubber 
however since a butt joint was used. The sample was drawn into the 
f ipe * k y 01,5 application of a slight suction on the top tube. In sampling 
the boiler, the hot liquid was cooled in an ice bath as it waswitMrl™ 


28 PHYSICAL PROPERTIES AND ANALYSIS OF HEAVY WATER 

from the apparatus. This minimized any possible fractionation dur¬ 
ing sampling. 

The samples were transferred from the pipets to ground-glass- 
stoppered bottles as quickly as possible and were then analyzed by 
Voskuyl by means of the float (Chap. 5). The results are summarized 
in Table 1.16. The uncertainties in the analytical data were (1) 0.3 
ppm in density arising from comparison of the vapor-cup liquid or 
boiler liquid with the standard water used as the original charging 


Table 1.16 — Fractionation Factor for the Distillation of Water 


Experiment 

2 

6 

7 

8 


Duration of 
distillation, 
hr 


14 

14 

50 


Fractionation factor 


Uncorrected for O 18 
fractionation 


Corrected for O 18 
fractionation* 


1.033 

1.032 

1.028 

1.029 

Average 


1.032 

1.031 

1.027 

1.028 

1.0295 ± 0.0018 


*The correction for the O 18 concentration was calculated on the assumption 
of normal oxygen content in the starting water, the additivity of molal vol¬ 
umes, and an oxygen fractionation factor of 1.003. 


material and (2) 2 ppm in density in comparing the standard water 
with deuterium-free water. These deviations introduced errors in the 
final answer within the over-all uncertainty of ±0.0018 given above. 
The correction for the O 18 concentration was only 0.7 ppm. 

It should be noted that Schutz and Zmachinsky used water containing 
about 1 mole % D. It is necessary, therefore, to calculate how much 
D 2 0 was present in their water and what effect that amount of D z O 
would have on the observed fractionation factor. These calculations 
can be made quite easily. 

From a material balance 

[HDO] + [h 2 o] + [d 2 o] = 100 

From equilibrium considerations (Chap. 2) at 100°C 

[HDO] 2 _ . ft7 

[h 2 o][d 2 o] - 3 ' 87 


From the analytical data 
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[HDQ] + 2[D 2 0] = Q Q1 

2 {[HDO] + [H z O] + [D a O]J 

The solution of these equations gives 

Mole per cent H z O = 98.01 
Mole per cent HDO = 1.98 
Mole per cent D 2 0 =0.01 

Thus the D z O concentration is quite small, as compared to the HDO 
content. Since the experimental results indicate that the waters form 
solutions that probably deviate only slightly from ideality, a will 
be practically independent of concentration. Consequently, with a 
D 2 0/HDO ratio of 0.00505, the effect, if any, of D z O on a is negligible. 

9*3 Vapor Pressures of HgO 18 and H 2 Q 17 . The vapor pressures of 
H 2 O ia were determined at various temperatures by Wahl and Urey 32 
and Riesenfeld and Chang 31 by means of Rayleigh distillation methods. 


Table 1.17—Comparative Data for H^O 17 and H^O 18 


Temperature, °C P^/P^ P H ,o”/Ph,o‘- 


58 1.0033 ± 0.0002 1.0066 

67 1.0026 + 0.0002 1.0060 


The experimental errors were quite large in these experiments. As¬ 
suming a straight-line relationship between log Pho^/Ph n . 8 and l/T 
then, from these data, ^ 2 * 


log 


H^ = 
'HaO 1 * 


3.20 


-0.00680 


wS’.-'TT pressure / of H *°" were found by Thode, Smith, and 
Walkling by means of a distillation column. Their results are sum¬ 
marized in Table 1.17. The table includes, for comparative purposes 

Val r f0r P ^“/ P H 2 o- calculated from 

that^Hip' Th6Se r6SUltS are n0t “c 01181846114 with the assumption 
that the vapor pressure of H 2 0" is equal to the algebraic or geo- 

metric mean of the vapor pressures of I^O 16 and H 2 0 18 . g 
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10. HEATS OF TRANSITION 

The heat of vaporization of the liquid has been studied by Miles and 
Menzies, 28 Riesenfeld and Chang, 31 Niwa and Shimazaki, 30 Rossini, 


Table 1.18 — Heats of Vaporization of 1^0 and D z O 


Temperature, °C 

ah d,o» cal’ 

ah h 2 o» cal 

ah d,o/ ah h,o 

3.82 

11,109 

10,702 

1.038 

10 

11,005 

10,645 

1.034 

25 

10,846 

10,515 

1.03145t 

40 

10,645 

10,355 

1.028 

60 

10,412 

10,152 

1.026 

80 

10,174 

9,941 

1.023 

100 

9,927 

9,719 

1.021 

120 

9,669 

9,484 

1.020 

140 

9,395 

9,233 

1.018 

160 

9,107 

8,964 

1.016 

180 

8,798 

1 

8,672 

1.015 

200 

8,466 

8,353 

1.014 

220 

8,104 

7,999 

1.013 

’Values in this column are precise to ±20 cal. 
tThis value is precise to ±0.00075. 




Table 1.19 — 

Heat of Fusion for D 2 0 



Observer 

Cal/mole 

Method 

Year 

Reference 

LaMer and Baker 

1510 

Depression of 

1934 

27 

Jacobs 

1525 ± 2 

freezing point 
Electric calor¬ 

1935 

39 

Brown, Barnes, and 

1486 ± 4 

imeter 

Calorimeter- 

1935 

40 

Maass 

Bartholome and Clusius 

1522 ±8 

indirect 

Ice calorimeter 

1935 

21 

Bridgman 

1523 

Pressure dependence 

1935 

20 

Long and Kemp 

1501 ± 3 

of melting point 
Calorimeter 

1936 

25 

Redlich and Zentner 

1508 ± 2 

Electric calor¬ 

1936 

41 

Niwa and Shimazaki 

1489 ± 93 

imeter 

Vapor pressure 

1939 

30 


data 


Knowlton, and Johnston, 36 and Bartholome and Clusius. 21 Their results 
are summarized in Table 1.18. 

Values for the heat of fusion observed in various laboratories are 
given in Table 1.19. 
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The best value seems to be 1515 + 10 cal per mole. The heat of 
fusion of ordinary water is 1436 cal per mole. The heat of sublima¬ 
tion at the triple point is given by Bartholome and Clusius as 12,631 ± 
20 cal per mole. Niwa and Shimazaki calculated a heat of sublima¬ 
tion of 12,584 + 72 cal per mole from vapor pressure data. The heat 
of sublimation of ordinary water is 12,170 cal per mole at its triple 
point. 


11. HEAT CAPACITY, ENTROPY, AND OTHER 
THERMODYNAMIC DATA 

The heat capacity of both liquid and solid D 2 0 is greater than that 
of ordinary water (see references 21, 25, 39, 40, 42). The values ob- 


Table 1.20 — Heat Capacity of Solid D 2 0 (Data of Long and Kemp) 


Temp., 

Cp, 


Temp., 

c P , 


°K* 

cal/mole/°C 

C Pd,c/ C Ph 1 o 

°K* 

cal/mole/°C 

C p D .o/ C p, 

15 

0.272 


170 

6.895 

1.174 

20 

0.532 

1.086 

180 

7.282 

1.186 

30 

1.143 

1.060 

190 

7.666 

1.187 

40 

1.524 

1.040 

200 

8.050 

1.194 

50 

1.977 

1.043 

210 

8.422 

1.187 

60 

2.403 

1.043 

220 

8.802 

1.191 

70 

2.821 

1.044 

230 

9.158 

1.185 

80 

3.234 

1.052 

240 

9.500 

1.186 

90 

3.629 

1.052 

250 

9.842 

1.178 

100 

4.047 

1.066 

260 

10.19 

1.179 

110 

4.508 

1.092 

270 

10.54 

1.173 

120 

4.931 

1.112 

276.92 

Melting point 

130 

5.325 

1.126 

280 

20.15 

1.115 

140 

5.709 

1.143 

290 

19.91 

1.106 

150 

6.100 

1.159 

295 

19.78 

1.100 

160 

6.500 

1.171 



*0°C = 

273.10°K. 






tained by Long and Kemp 25 are shown in Table 1.20. The values found 
by Brown, Barnes, and Maass 40 differ from the values of Table 1.20 
with a maximum deviation of 8.0 per cent and an average deviation of 
about ±3.5 per cent. The heat capacity of liquid D z O, as calculated 
from the data of Cockett and Ferguson, 42 is given in Table 1.21. Their 
values agree with the Long and Kemp data within about 1.5 per cent. 

ir The work of R °ssini, Knowlton, and Johnston 38 and of Long and 
Kemp has made available certain data on other thermodynamic 
properties of D z O. These data, together with the corresponding data 
for ordinary H z O, are listed in Table 1.22. 
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On the assumption that bond energies in H* and D 2 are the same 
and that bond energies in HjO(gas) and D z O(gas) are also the same, 
the difference in zero-point energies was calculated 36 to be 3548 ± 22 
cal per mole. This is in excellent agreement with the value obtained 


Table 1.21 — Heat Capacity of Liquid D z O 
(Data of Cockett and Ferguson) 


Temperature, °C 

C p , cal/mol 

10 

20.22 

15 

20.18 

20 

20.15 

25 

20.13 

30 

20.12 

35 

20.10 

40 

20.10 

45 

20.10 

50 

20.11 


Table 1.22 — Thermodynamic Properties of D 2 0 at 25°C 



d 2 o 


h 2 o 



Liquid 

Gas 

Liquid 

Gas 

Entropy, e.u. 

47.41 1 0.01 

18.19 1 0.03 

45.14 1 0.01 

16.75 1 0.02 

Free energy of 

formation, cal/mole 

-58,201 ± 24 

-56,061 1 24 

56,693 1 11 

-54,638 1 11 

Heat of formation, 
cal/mole 

-70,414 ± 23 

-59,564 1 24 

68,318 110 

-57,798 1 10 

^ 296 . 10 “ Ho> 

cal/mole 


2,379.5 1 0.7 


2,366.9 i 0.5 

from spectroscopic data. 43 ’ 44 Darling and Dennison 43 give 3555 ± 6 cal 

per mole as the 

spectroscopic 

value for the 

difference in 

i the zero- 


point energies. The spectroscopic zero-point energies are 

E h . 0 = 13,219 cal 
Ed 2 o = 9,664 cal 

It is interesting to note that the equilibrium constant calcu¬ 

lated from thermal data for 


D 2 (gas) + H 2 0(gas) r H 2 (gas) + D z O(gas) 
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by Rossini et al., agrees very well with the value calculated from 
spectroscopic data in Chap. 2. The thermal value is 11.10 ± 0.42 cal 
per mole. The calculated value is 11.25 cal per mole. 

12. SURFACE TENSION 

The surface tension of D z O is slightly and, for all practical pur¬ 
poses, negligibly smaller than that of water at the same tempera¬ 
ture. 45-47 Jones and Ray 45 found that the surface tension of H 2 0-D 2 0 
solutions at 25°C relative to the surface tension of H z O at the same 
temperature is given by 


a=l -0.00501 AS 

where AS = Sg -1. Upon extrapolation this equation gives o(D z O) = 
0.99946 relative to pure ILjO at 25°C. The equation reproduces the 
experimental results within 0.004 per cent. 

13. VISCOSITY 

The viscosities of mixtures of H z O and D z O relative to that of H z O 
at 25°C are given by 

l/rj = 1 - 2.06855 AS + 3.1122 (AS) 2 

This equation reproduces the data of Jones and Fornwalt 48 within 
0.006 per cent, the data of Baker and LaMer 49 within 0.1 per cent, and 


Table 1.23—Viscosity 


Temperature, °C Hj,0, 
5 

10 

15 

20 

25 

30 

35 


millipoises* 


15.19 

1.309 

13.10 

1.286 

11.45 

1.267 

10.09 

1.249 

8.93 

1.232 

8.00 

1.215 

7.21 

1.198 


* International Critical Tables values. 


the value given by Lewis and MacDonald 50 within their experimental 
error of ±0.5 per cent. Extrapolation gives the value of n = 1.230 
relative to the viscosity of pure H a O at 25°C. The values found by 
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Lewis and MacDonald for the viscosity of D z O at various tempera¬ 
tures are given in Table 1.23. These values are probably correct 
within ±0.5 per cent. 

14. REFRACTIVE INDEX AND MOLAR REFRACTION 

The refractive index of D z O is appreciably smaller than that of 
ordinary water (see references 4, 24, 51-53, and 78). Stokland, 24 
using a Hallwachs double prism mounted on a Hilger precision spec¬ 
trometer, found the refractive indices for D z O as a function of the 
wavelength at 20°C. His results are summarized in Table 1.24. 


Table 1.24 — Refractive Index and Molar Refraction of H z O and D z O* 


Wavelength, A 

n H,0 “ n DjO 

n D,0 

r d,o 

k h,o 

6438 

0.00453 

1.32696 

3.665 

3.697 

5893 

0.004700 

1.328300 

3.679 

3.712 

5791 

0.004738 

1.32859 

3.682 

3.716 

5461 

0.004832 

1.32964 

3.692 

3.727 

4358 

0.005272 

1.33503 

3.747 

3.786 

4047 

0.00543 

1.33741 

3.771 

3.812 


*n = refractive index; R = molar refraction. 


If the temperature variations and errors from setting the spec¬ 
trometer drum are taken into consideration, the inaccuracy of the 
refractive indices at A = 5893 A and at A = 5461 A is probably about 
2 x 10 " 6 unit. For the other wavelengths, however, the spectrometer- 
drum error is somewhat greater. These values for n Hj0 - n Dz o are in 
substantial agreement with, but slightly greater than, those obtained 
from Luten’s data 51 by extrapolation to 100 per cent D z O. The com¬ 
parison of the Stokland data with the values for n Hz0 — n D 2 o obtained 
by other observers, as recalculated for 100 per cent D z O with a spe¬ 
cific gravity of S 25 = 1.10775, is given in Table 1.25. The Tilton and 
Taylor values were obtained by extrapolation from data on water 
having a specific gravity of S 2 | = 1.001376. This long extrapolation 
can, of course, introduce serious errors. 

The effect of temperature is discussed in Luten’s paper. The max¬ 
imum refractive index of D z O lies at about 6°C. The maximum for 
ordinary water is at — 1 or —2°C. Thus the temperature of the maxi¬ 
mum refractive index in both waters is about 5 or 6°C below that of 
the maximum density. The data obtained by the various workers also 
indicate that the dispersion of pure D z O is definitely less than that 
of ordinary water. This is discussed by Luten 51 and Tilton and Tay- 
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lor. 78 Crist, Murphy, and Urey, 60 Lewis and Luten, 80 Brodskii and 
Skarre, 81 and others have shown how the difference in the refractive 
index can be used as a basis for the isotopic analysis of water. This 
is described in detail in Chap. 5. 

The effect of H 2 0 18 on the refractive index of water was determined 
by Lewis and Luten 80 and by Brodskii and Skarre. 81 The presence of 
O 18 increases the index of refraction. To a first approximation the 


Table 1.25—Comparison of Refractive Index Data at 20°C for D 2 0 with S” - 1.10775 


Wavelength, A 



n H,o - 

’ n D,0 


Stokland 25 

Luten 51 

Tilton and 
Taylor 75 

Selwood and Frost, 55 
as corrected 
by Luten 51 

Taylor and 
Selwood 5 

5893 

0.004700 

0.00465 

0.00458 

0.00482 

0.00461 

5800 

0.004735 


0.00461 



5461 

0.004832 

0.00482 

0.00472 



4358 

0.005272 

0.00526 

0.00508 




increase in refractive index is a linear function of the increase in the 
mole fraction of H 2 0 18 . If y is the increase in the mole fraction of 
H 2 0 18 , or in the atom fraction of O 18 , over its value in ordinary water, 
and if An is the corresponding increase in the refractive index, then 
at 25°C, according to Lewis and Luten, 

An = +0.0008y 

This equation is for white light as used in an interferometer. At 20°C 
and A - 5876 A (yellow line of helium) 

An = (+0.0007 ± 0.0001)y 

These values for An are not so exact as could be desired, but they 
were obtained with water samples of not very high O 18 content. More 
exact data must await further concentration of H 2 0 18 . 

Calculations show that the molar refraction of H 2 0 18 is higher than 
that of both H 2 0 18 and D 2 O 10 . Thus at 20°C and A = 5876 A the molar 
refraction of HgO 18 is 0.015 unit higher than that of H-jO 18 . It can be 
concluded, therefore, that of the three isotopic molecules of water 
(H 2 0 18 , D 2 0 16 , and H 2 0 18 ) the most deformable one is H 2 0 18 . 

15. VERDET CONSTANT 

The Verdet constants for samples of various H 2 0-D 2 0 mixtures 
were measured by Slack 55 at 20°C for wavelengths A = 5893 A and 
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X = 5460.7 A. From these data the Verdet constant for pure D z O was 
found to be 3.93 per cent less than that for ordinary water for both 
wavelengths. The data are summarized in Table 1.26. The error in 
each case is ±0.000030. Values of the relative molecular rotatory 
power and of the magnetic rotatory dispersions are also given in 
Slack’s paper. 


Table 1.26—Verdet Constant for the Waters at 20°C 

Minutes per gauss-centimeter 
X = 5893 A X = 5460.7 A 

D z O 0.012556 0.014793 

HjO 0.013067 0.015395' 

16. DIELECTRIC CONSTANT 

0 

The dielectric constant of D z O is slightly less than that of H z O. The 
temperature coefficient for the constant of D z O is very nearly the 
same as that for the constant of H z O. Using a resonance method, 
Wyman and Ingalls 56 determined the dielectric constant of H z O and 
D z O in the temperature range from 0 to 100°C. The temperatures 
were determined within ±0.3°C. Wyman and Ingalls found that 

€j = Aj [1 - aj (t - 25) + b t (t - 25) 2 — c 4 (t — 25) 3 ] 

In this equation the subscript i may be replaced by subscripts 1 and 2, 
which refer to H z O and D 2 0, respectively; then 


A, = 78.54 

A 2 = 78.25 

a x = 4.579 xlO" 3 

a^, = 4.617 x 10" 

b, = 1.19 xl0“ 5 

b 2 = 1.22 xlO" 5 

c, = 2.8 xl0“ a 

c 2 = 2.7 xlO" 8 


The ratio e 2 /e l = 0.9963 at 25°C and 0.9969 at 10°C. 

17. DISSOCIATION 

Heavy water is less ionized than H z O. Wynne-Jones 57 found the 
ionization constant for D 2 0 at 25°C equal to 1.9 5 x 10" 15 , as compared 
to 1 x 10 " 14 for H 2 0. This result agrees with that reported by Abel, 
Bratu, and Redlich. 68 Schwarzenbach 59 lists a somewhat lower con¬ 
stant for D 2 0. The heat of ionization is greater for D z O by 940 ± 50 
cal. This difference is sufficient to account for the difference in the 
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ionic products. The results obtained by Wynne-Jones can be sum¬ 
marized for H z O by 

-log K = 14.000 -0.0331(t - 25) + 0.00017(t - 25) 2 
AH = 13,450 - 42.8(t - 25) cal 

and for D z O by 

-log K = 14.71 — 0.03544(t - 25) + 0.00017(t - 25) 2 
AH = 14,420 - 42.8(t - 25) cal 

These interpolation formulas are correct within 1 per cent. The 
values of AH D2 o “ AH^o are probably correct to ±50 cal. 

The dissociation of electrolytes in heavy water is discussed by 
Schwarzenbach. 59 Reference to more recent work can be found in the 
papers of LaMer and coworkers. 

18. MAGNETIC SUSCEPTIBILITY 

The diamagnetic susceptibility of D 2 0 is -0.6466 5 X10" 6 at 20°C, 
as compared to-0.7200 x 10” 8 for ordinary water. 81 * 83 This agrees 
with the less precise result (-0.648 ± 0.001) x 10" 6 reported for heavy 
water. 62 * 83 Thus the molar susceptibility, x , at 20°C is -12.97 x 10"® 
forH z O and (—12.95 ± 0.01) x 10“ 8 for D z O. The latter result disagrees 
with the value -12.76 x 10” 6 reported for D z O by Trew and Spencer 84 
and by Cabrera and Fahlenbrach. 85 Selwood and Frost 53 reported 

-12.90 x 10" 8 . The magnetic susceptibility of H 2 0-D 2 0 mixtures is a 
strictly additive function of the concentration. 83 

19. VELOCITY OF SOUND AND COMPRESSIBILITY 

Yosiofca,™ using a frequency of 4,950 kc, found the velocity of sound 
at 25 C to be 1,398 meters/sec in D z O, as compared to 1,496 meters/ 
sec in ordinary water. Yosioka also gives the variation of the velocity 

1 - ■ a , ^ results are not 

inconsistent with the velocity of 1,381 meters/sec observed by Baer" 

at 20 C. Yosioka gives the compressibilities at 25°C as follows: 

Compressibility, dynes" 1 
Adiabatic Isothermal 

D z O 46.2* x 10" 12 

H 2 0 44.7„ x 10 " 12 


46.4q x 10" 12 
45.0 S x 10 


38 


PHYSICAL PROPERTIES AND ANALYSIS OF HEAVY WATER 


His results are in essential agreement with those calculated by 
Baer from the velocity of sound. They disagree, however, with the 
findings of Bhagavantam and Rao, 68 who reported that D z O at 30°C 
has a lower compressibility than ordinary water. Calculations using 
Bridgman’s data 20 show that D z O has the higher compressibility. 

20. CONDUCTIVITY 

The electrical conductivity of various salts in D z O was studied by 
Chittum and LaMer. 69 Their results at 25°C are summarized in 


Table 1.27 — Electrical Conductivity of Various Salts in D 2 0 at 25°C 

A 0 (DjO), reciprocal 


Substance 

ohms per mole 

A 0 (D 2 0) 

KC1 

123.8 

61.2, (K + ) 

NaCl 

103.4 

40.8, (Na + ) 

LiCl 

93.5 

30.9, (Li + ) 

kc 2 h,o 2 

94.8 

33.5, (C 2 H,0 2 -) 


Table 1.28 — Electrical Conductivity of Various Salts in D 2 0 at 18°C 


Substance 

a h,o/ a d,o 

A 0 (D 2 0), reciprocal 
ohms per mole 

KC1 

1.2225* 

105.9 

NaCl 

1.2280* 

88.3 

DC1 (or HC1) 

1.3895t 

273.8 

DNO, (or HNO,) 

1.3885t 

271.4 


'These ratios obtained in approximately 0.02N and 0.1N solutions. 
tThese ratios obtained in approximately 0.05N and 0.1N solutions. 


Table 1.27, where A 0 is the equivalent conductance at infinite dilution 
and A 0 is the mobility of the ion at infinite dilution. Preliminary 
measurements indicate that the temperature coefficient of the equiv¬ 
alent conductance of a solution of NaCl is larger in D z O than in H z O 
between the temperatures of 25 and 40°C. Table 1.28 gives the values 
found by Tronstad and Stokland 70 for 18°C. These results agree quali¬ 
tatively with those reported by Lewis and Doody, 71 but they differ 
somewhat quantitatively. Tronstad and Stokland also give the ion 
mobilities at 18°C, as shown in Table 1.29. 
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21. SOLUBILITY 

On a molar basis KC1 is 7 per cent less soluble at 30°C in D z O than 
in H 2 0, 3.6 per cent less soluble at 100°C, and 1.5 per cent less sol¬ 
uble at 180°C. 72 This decrease in solubility is in agreement with the 
preliminary results of Taylor, Caley, and Eyring, 73 who also found 


Table 1.29 — I^O and D 2 0 Ion Mobilities at 18°C 


MoblUty Mobility „,o 


Ion 

h 2 o 

K + 

64.20 

Na + 

43.16 

H + or D + 

315.2 

Cl" 

65.24 

no; 

61.62 


d 2 o 

Mobility D,o 

52.5 

1.223 

34.9 

1.262 

220.4 

1.430 

53.4 

1.222 

51.0 

1.208 


Table 1.30—Relative Solubilities of I^O and D 2 0 in Organic Liquids at 25°C 


Liquid R* 

Triethylamine 1.43 

1,2-Dichloropropane 1.24 

Carbon disulfide 1.26 

Toluene 1.19 

Benzene 1.21 

Monobromobenz ene 1.18 

Methylene iodide 1.19 

aym-Tetrabromoethane 1.18 

Ethyl bromide 1.18 

Ethylene dibromide 1.16 

Dimethyl aniline 1.16 

Trichloroethylene 1.16 


Liquid 

R* 

Tetrachloroethane 

1.15 

Paracymene 

1.15 

Monochlorobenzene 

1.14 

1 -Bromonaphthalene 

1.05 

Pentachloro ethane 

1.14 

n-Amyl chloride 

1.14 

Nitrobenzene 

1.14 

Carbon tetrachloride 

1.14 

1,2,4-Trichlorobenzene 

1.13 

Cyclohexane 

1.10 

Diethyl ether 

1.08 

Quinoline 

1.03 


*R - the ratio of the mole fraction of H^O in saturated solution to the 
mole fraction of D a O in saturated solution. 


tiiat BaCL, is 12 per cent less soluble at 20°C in D z O than in H O. The 

isotope effect on the heat of solution has also been studied hi great 

detail. A survey of the results on 99 salts and on the nonelectrolyte 

mercuric cyanide has been made by Lange and Martin. 74 The solu- 

bpties, dissociation pressures, and other properties of deuterates 
are discussed in several papers. 72 ' 75 " 77 
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A series of measurements was made at the SAM Laboratories on 
the relative solubilities of H z O and D z O in various organic solvents. 
These results are shown in Table 1.30. 
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Chapter 2 


EQUILIBRIUM CONSTANTS FOR EXCHANGE REACTIONS 


1. INTRODUCTION 

Some of the most valuable methods devised for the concentration of 
deuterium and for the analysis of the deuterium content of a water 
sample depend upon exchange reactions. The equilibriums involved 
in such chemical reactions were first treated theoretically by Urey 
and Rittenberg 1 and thereafter became the subject of many investiga¬ 
tions. 2 This chapter is concerned principally with those equilibriums 
involved in the processes and analytical procedures which are dis¬ 
cussed in the various parts of this volume. 

2. EQUILIBRIUM CONSTANT FOR THE REACTION H 2 0 + HDs HDO + H 2 

IN VAPOR PHASE 

2.1 Theoretical Calculations for the Reaction , (a) General Dis¬ 
cussion . The equilibrium constant for this reaction, as a function of 
temperature, has been calculated by Kimball and Stockmayer, 3 using 
the latest available spectroscopic data. The same calculation was 
carried out independently by Libby, 19 who obtained results agreeing 
with those of Kimball and Stockmayer within 1 per cent. 

The details of the method used for the calculations are described 
in Mayer and Mayer’s book on statistical mechanics 4 and in other 
standard references. An examination of the literature 5 shows that the 
method of calculating is quite accurate provided that the spectro¬ 
scopic energy levels are well known. The accuracy of the method may 
be seen from the data in Table 2.1 for a number of relatively simple 
molecules. In this table the entropies of the gases at 298.15°K are 
compared, as calculated from spectroscopic data and as observed. 
The observed entropies are obtained from the application of the Third 
Law of Thermodynamics. These are, in general, in agreement with 
those found from chemical equilibriums. The uncertainty in the ex- 
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perimental values is 0.1 cal/deg. The agreement between the calcu¬ 
lated and observed values is very good in most cases. 

The largest source of error in a spectroscopic calculation of equi¬ 
librium constants is the evaluation of the energy of the reaction at 

Table 2.1—Comparison of Spectroscopic and Calorimetric Entropies 


Entropy S° in cal/deg at 298.15°K 


Gas 

Spectroscopic 

Calorimetric 

HC1 

44.64 

44.5 

HBr 

47.48 

47.6 

HI 

49.4 

49.5 

N 2 

45.78 

45.9 

o 2 

49.03 

49.1 

Cla 

53.31 

53.32 

H 2 

31.23 

31.37 

CO 

47.31 

47.58 

HaO 

45.10 

45.09 

H 2 S 

49.10 

49.15 

C0 2 

51.07 

41.11 

COS 

55.37 

55.27 

NjO 

52.58 

52.82 

HCN 

48.23 

47.92 

NR, 

45.94 

45.91 

PH, 

50.5 

50.35 

(CN) a 

57.88 

57.64 

CH, 

44.35 

44.30 

S0 2 

59.18 

59.24 

c 2 « 4 

52.47 

52.48 

CH,Br 

58.74 

58.61 

CH,C1 

55.98 

55.94 


0°K. This evaluation is obtained accurately from spectroscopic data 
In a few cases only. Usually the thermal value must be employed. 
This difficulty does not arise in the case of isotope exchange reac¬ 
tions because the energy of the reaction is determined entirely by the 
zero-point energies, which are easily obtained spectroscopicaUy. It 
is for this reason that the spectroscopic method of calculating equi¬ 
librium constants is at its best when applied to isotope exchange 
reactions. $ 

fo) Spectroscopic and Molec ular Constants for EL and HD The 
constants obtained by Urey and Rittenberg 1 are used for the isotopes 
of the EL, molecule. These constants are given in Table 2.2. The mo- 
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lecular weights used differ slightly from those given in Chap. 1 on the 
physical properties. No serious discrepancy is introduced by the use 
of the earlier molecular weights in these calculations. The constants 
for the D 2 molecule are also included in the table. 

Table 2.2—Constants for H 2 and HD Used in the Calculations 



h 2 

HD 

d 2 

Molecular weight (O 16 = 16.0000) 

2.01556 

3.02131 

4.02706 

B ° ( SttW’ Cm 

59.309 

44.655 

29.913 

w 0 (zero-point energy), cm" 1 

2171.4 

1884.3 

1542.4 

4v 2 (= -D e /B e ) 

0.000764 

0.000574 

0.000381 

Symmetry number (n s ) 

2 

1 

2 


At the temperature of interest the rotational motion is very nearly 
classical, and a negligible number of molecules are in excited vibra¬ 
tional states. Consequently, the partition function Q of hydrogen or of 
its isotopic molecules is given with sufficient accuracy by the rather 
simple expression 



where o - B 0 hc/kT and h, c, k, and N are the usual universal con¬ 
stants, for which the values given by Birge 6 are used. The equilibrium 
constants are given directly in the terms of the partition functions. It 
is to be noted that, in isotope exchange equilibriums, only the ratios 
of two partition functions for isotopic species need be evaluated. 

(c) Spectroscopic and Molecular Constants for H^O and HDO . The 
vibrational energy levels of ILjO and its isotopes may be expressed in 
terms of three quantum numbers, n lf ix,, and 1 I 3 , corresponding to the 
three normal modes of vibration, according to the equation 


E(n t> ng, n,) 
he 




The constants and X*j have been determined from the infrared 
spectra of HgO and D z O by Dennison and his coworkers . 7,8 Since the 
spectrum of HDO had not been analyzed, it was necessary to calcu¬ 
late theoretically the normal frequencies o>j for HDO. This was done 
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by using the potential energy for HDO that is given by Dennison for 
ELjO. This potential energy had already been shown to give the correct 
frequencies for D z O, and therefore it should be correct for HDO. 
Dennison also found that in passing from I^O to D 2 0 the X^'s were 
proportional to the corresponding wi x uj. This relationship has been 
assumed to hold for HDO also. The vibrational constants so found are 
given in Table 2.3. The constants for D 2 0 are also included in this 
table. 


Table 2.3 —Vibrational Constants for H z O, HDO, and D z O 


Frequency, cm -1 


Quantity 

h 2 o 

HDO 

d 2 o 


3825.03 

2818.46 

2757.85 

W 2 

1653.78 

1449.55 

1212.17 

W 3 

3935.32 

3882.53 

2883.48 

x u 

-43.89 

-23.82 

-22.81 

x* 2 

-19.50 

-14.98 

-10.44 

X S3 

-46.37 

-45.14 

-24.90 

x 12 

- 20.02 

-12.93 

-10.56 

x u 

-155.06 

-112.72 

-81.92 

X 23 

-19.81 

-17.13 

-10.62 


The moments of inertia of these molecules depend upon the vibra¬ 
tional state. It was found by Dennison et al. that the effective mo¬ 
ments of inertia, 1^ (n^, i^, nj), Ig (n lf i^), and Iq (i^, i^), are 

linear functions of n lt a,, and in 11,0 and D z O, the variation being 
given by the equations 




1: was found that toe a lf Pi, and y l for H-,0 and D a O were in the ratios 
of the corresponding Wj. The same has been assumed to hold for 

BPO. The and Ij, can be calculated directly from the equilib¬ 

rium distances between the atoms. These constants are given in 
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The complete partition function for any of these molecules is given 


by 

Q = 


/ 27?MkT \ 3/z J_ 
\ Nh 2 / n s 


E 


87T 2 (87J 3 I A I B I c ) , i (kT) 3/ * 


n.,n 


h 3 


exp 


If ,, 2» ,, 3 


~E(n lt i^, a,) 


kT 


(3) 


The vibration frequencies are so high for these molecules that only 
the states (0 0 0 ) and (0 10 ) make appreciable contributions, and the 
summation can therefore be made directly. 

(d) Partition Functions and Equilibrium Constants . The results of 
the calculations for the ratio of the partition functions are given in 
Table 2.5. 

As has already been pointed out, the equilibrium constants may be 
calculated directly from these partition functions. The calculated 
equilibrium constants for the reaction 


H 2 0 + HD ~ HDO + K, 

as a function of temperature are given in Table 2.6. The values ob¬ 
tained by Libby 19 are also included. The equilibrium constant is 

K _ QhdoQh 2 

1 Qh 2 oQhd 

2.2 Experimental Verification , (a) Comparison of Results . The 
equilibrium constants for this exchange reaction have also been de¬ 
termined experimentally at various temperatures and under various 
experimental conditions. The results are given in Table 2.7 and in 
Fig. 2.1. The straight line in the figure represents the values, calcu¬ 
lated from theory, as given in Table 2.6. Some of the calculated equi¬ 
librium constants are also included in the table. 

An examination of the data in Table 2.7 and in Fig. 2.1 shows fair 
agreement between the calculated values and the observed values ex¬ 
cept in some instances. As has been seen, the purely statistical part 
of the problem of calculating the equilibrium constant in the gas phase 
by means of statistical mechanics is not at all difficult to solve. The 
only real uncertainty lies in the mechanical problem of interpreting 
the spectral data in such a way as to learn the structure of the mole¬ 
cule. The data on the water molecule are rather good, and the calcu¬ 
lated equilibrium constants are probably much better than the actual 
experimental values are. The deviations of the observed values from 
the theoretical values do not seem to be explainable by an error in 
the interpretation of the spectral data. Full weight will therefore be 
given to the calculated values for the equilibrium constants. 
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Table 2.4—Rotational Constants for H 2 O f HDO, and D z O 


Quantity 

h 2 o 

HDO 

d 2 o 

% 

0.611747 

0.724769 

1.099682 


+0.0211 

+0.0155 

+0.0152 


-0.1003 

-0.0879 

-0.0734 

«3 

+0.0482 

+0.0475 

+0.0353 


1.153128 

1.842209 

2.304505 

Pi 

+0.0206 

+0.0152 

+0.0149 

e* 

-0.0129 

-0.0113 

-0.0094 


+0.0040 

+0.0039 

+0.0029 

I°c 

1.764875 

2.566978 

3.404187 


+0.0203 

+0.0150 

+0.0146 

y* 

+0.0128 

+0.0112 

+0.0094 

*3 

+0.0146 

+0.0144 

+0.0107 

n s 

2 

1 

2 

(symmetry number) 





Table 2.5 Partition Function Ratios 


Temperature, °C 

<Shd/Qh, 

Qhdo/QhjO 

0 

21.5968 

90.402 

25 

19.0597 

68.982 

50 

17.1511 

54.890 

75 

15.6676 

45.134 

100 

14.4882 

38.0975 

125 

13.5294 

32.8484 


Table 2.6— Equilibrium Constant for the Reaction H 2 0 + HD = HDO + HL 

(Vapor Phase) 


Temperature, °C 


Value of the equilibrium constant 


Kimball and Stockmayer 


Libby 


0 

20 

25 

47.5 

50 

75 

100 

125 

200 

'?% ! 300 

500 


4.19 

3.78 

3.62 


3.25 


3.20 


2.88 


2.63 

2.65 

2.43 

2.09 


1.75 


1.37 
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Table 2.7— Observed Equilibrium Constants for the Reaction 

H 2 0 + HD ~ HDO + H 2 (Vapor Phase) 


Temp., 

Equilibrium constant K, 



°C 

Theoretical 

Observed 

Observer 

Reference 

20 

3.78 

2.67 

Farkas 

2 

25 

3.62 

3.88 t 0.05 

Grosse 

9 

47.5 

3.25 

3.20 ± 0.15 

Herrick, Kirshenbaum, and Brown 

10 

56.5 

3.12 

3.13 

Taylor et al. 

21 

80 

2.83 

2.02 

Taylor et al. 

21 

100 

2.63 

2.00 

Farkas 

2 



2.0 (50 atm) 

Grosse 

9 



2.58 ±0.12 

Herrick, Crist, and Davis 

11 

500 

1.37 




527 


1.28 

Crist and Dalin 

12 



0.0012 0.0015 0.0020 0.0025 0.0030 0.0035 

1/T 


Fig. 2.1—Equilibrium constant for the reaction I^O + HD =: HDO + Hj (vapor phase). 
A, Farkas; 2 □, Grosse;® o, Herrick, Kirshenbaum, and Brown; 10 ©, Herrick, Crist, 
and Davis; 11 0, Crist and Dalin; 12 V, Taylor et al. 21 
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Libby 19 has also calculated the equilibrium constants for the ex¬ 
change reactions involving tritium. His calculated values for the 
temperature range from 16 to 303°C were checked experimentally by 
Black and Taylor. 20 Satisfactory agreement was obtained between the 
experimental and the theoretical results. 

(b) Experimental Details. In order to understand better the diffi- 
culties involved in a direct determination of the equilibrium constant, 



Fig. 2.2—Apparatus for measuring equilibrium constant. 


(B,) Freon vapor bath 
(B 2 ) Ethyl bromide vapor bath 
(C) Stopcocks 
(L) Ice baths 


(1) Water-cooled condenser 

(2) Oil bath 

(3) Steam jacket 

(4) Glass wool 

(5) Gas-sample bulb 

(6) Flowmeter 

(7) Safety manometer 


(S) Saturator 

(T) Solid-carbon dioxide baths 
(W) Catalyst chambers 

(8) Copper oxide furnace 


it may be well to review one of the researches in which the result 
agreed with the theoretical value. This research was done by Her¬ 
rick, Kirshenbaum, and Brown 10 on reactions at 47.5°C. 

The apparatus used is shown schematically in Fig. 2.2. Deuterium- 
rich gas was prepared in the HD generator. Here ordinary hydrogen 
was saturated with heavy water, the partial pressure of which was 
i^ed by the oil bath around the saturator. The mixture was 
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passed over platinum catalyst in catalyst chamber 1. The water was 
then removed from the gas by means of a series of traps, L and T 
and the enriched hydrogen entered the main apparatus through stop¬ 
cock C,. In those experiments in which ordinary hydrogen was used 
it was introduced into the main apparatus directly through stopcock 
C 2 . The hydrogen or the deuterium-enriched hydrogen gas was passed 
through catalyst chamber 2, in which any oxygen present in the gas 
was converted to water. This water was removed in trap T 2 . The dry, 
oxygen-free gas was then saturated with water, either ordinary or 
heavy, at 38°C in saturator B 2 . This section was maintained at con¬ 
stant temperature by means of a bath of ethyl bromide, boiling at 
atmospheric pressure. The saturator consisted of a bubbling device, 
followed by a spray remover, the entire section being surrounded by 
the ethyl bromide thermostat. 

The gas saturated with water from B 2 was led into the reactor B 1# 
This part of the apparatus was directly above the saturator section. 
The temperature of B, was held at 47.5°C by Freon boiling at atmos¬ 
pheric pressure. The reaction mixture from B 2 was brought to the 
temperature of Bj by being passed through a closely wound glass 
spiral, approximately 4.5 in. long, made from 6-mm I.D. tubing. The 
gas mixture was then equilibrated over a platinum catalyst in catalyst 
chamber 3. This chamber was also kept at 47.5°C by the boiling 
Freon. In this chamber 1.90 ml of catalyst was contained in 6-mm 
glass tubing. The catalyst tube was followed by a 4-in. section of 
16-mm tubing closely packed with glass wool. This prevented the 
catalyst from being carried into regions of lower temperature. 

The equilibrium mixture was then passed through trap T 3 , where 
the water was removed by a solid-carbon dioxide trap. The dried, 
equilibrated hydrogen was then burned to water in the copper oxide 
furnace at 500°C. The resulting water was recovered in trap T 4 . This 
trap was connected to the apparatus by means of ground-glass joints, 
which facilitated the complete removal of the sample of water. The 
water in trap T 3 was weighed, after transfer, by vacuum distillation 
to a smaller container. The water from the combustion of the hydro¬ 
gen in trap T 4 was handled similarly. 

The catalyst was carefully conditioned before each experiment. 
This consisted in flushing with moist air for about 35 min, with nitro¬ 
gen for 15 min, and then with hydrogen for 60 min. Simultaneously 
the copper oxide furnace was evacuated for 12 hr at 500°C. After the 
catalyst was conditioned, air was allowed into the copper oxide fur¬ 
nace, and the experiment was started. The rate of flow of hydrogen 
was determined by the calibrated flowmeter. A run was stopped by 
quickly replacing trap T 4 with a similar trap and by then flushing 
with hydrogen, followed by nitrogen. 
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During experiment 14 it was found that the combustion furnace was 
about 100°C below the regular temperature of 500°C. A check on the 
completeness of the combustion indicated a loss of about 2.5 per cent 
of the hydrogen at this lower temperature. Calculations showed that 
this loss would not affect the equilibrium constant by more than 
1 per cent. 

In order to ascertain the possible effect of variables, experiments 
13 and 14 were made at half space velocity (see Table 2.8); the 
catalyst was evacuated before experiments 4, 7, 8, and 13, and the 
equilibrium was approached from both directions. No effects were 
observed. The copper oxide, moreover, was changed after each ex¬ 
periment in order to eliminate any possible error from the holdup. 

Calculations also showed that reasonable fluctuations in the steam- 
hydrogen ratio would not affect the results to any appreciable extent. 

This is borne out by critical examination of the data in Table 2.8, 
which show that, within experimental error, there is no correlation 
between experimental deviations from the calculated steam/hydrogen 
ratio of 0.07 and the observed equilibrium constant. 

(c) Data . Both water samples (from traps T 3 and T 4 ) were analyzed 
for their deuterium content by means of the interferometer (Chap. 5). 
The analyses were accurate to ±0.02 mole % D. The results obtained 
are given in Table 2.8. The various sections of the table are self- 
explanatory. The two main groups of experiments, A and B, differed 
in total deuterium concentration, group B being about threefold larger. 

The presence of D 2 and D 2 0 in the higher concentration experi¬ 
ments will affect the observed constant to some extent. The equilib¬ 
rium constant for the reaction HgO + HD x HDO + ^ is 3.20 at 50°C, 
whereas the equilibrium constant for HDO + D 2 s: D 2 0 + DH, as will 
be seen later, is 2.78. With a concentration such that perhaps both 
reactions are taking place, an over-all equilibrium constant some¬ 
where between the two constants is to be expected. It is not unrea¬ 
sonable to expect that the apparent equilibrium constant may be a 
linear function of concentration. In the case of the analogous ammonia 
reactions the relationship is practically linear. The deviations from 
linearity are not sufficient to affect this argument. In the experiments 
just described the most concentrated water sample had 5.5 per cent D 
at equilibrium. This value would correspond to a lowering of the 
equilibrium constant by about 0.02 unit. The results from experi¬ 
ments 4, 7, 8, 9, 11, and 12 were therefore corrected by this amount. 

In the work just discussed an interesting source of error was found. 
Samples of the exit hydrogen were taken for analysis on the mass 
spectrometer. In some experiments these analyses did not agree with 
the interferometer analyses on the burned hydrogen. In several ex¬ 
periments it was shown that this apparent discrepancy was due to the 
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are milliliters of gas per milliliter of catalyst per hour. 
tOf groups A and B. 
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fact that the spectrometer results were obtained by occasional sam¬ 
plings, whereas the interferometer analyses were made on the inte¬ 
grated sample, and to the fact that the steam/hydrogen ratio fluctu¬ 
ated during an experiment. The spectrometer analyses varied with 
the ILjO/fL, ratio. Calculations have shown, however, that use of the 
interferometer values on an aliquot of the integrated samples intro¬ 
duced only very small errors in the observed equilibrium constants. 
This source of error should be kept in mind in evaluating other ex¬ 
periments in which spot analyses are used for the calculation of 
results. 

As can be seen from the data in Table 2.8, the experimental value 
for the equilibrium constant at 47.5°C has an uncertainty of about 
5 per cent. Owing to the low partial pressure of water at 47.5°C and 
the need for at least 1.7 ml of water for the interferometer meas¬ 
urements, it was necessary to use a flowing system. This provided 

enough water for analysis, but it unfortunately introduced uncertain¬ 
ties in the stability of the system and in catalyst performance which 
were not conducive to higher precision. Herrick, Kirshenbaum, and 
Brown 10 have recommended that, for better precision, a static system 
with a more favorable steam/hydrogen ratio and a minimum of cata¬ 
lyst be used. 

3. EQUILIBRIUM CONSTANTS OF OTHER DEUTERIUM EXCHANGE 
REACTIONS INVOLVING HYDROGEN AND WATER 

3,1 Equilibrium Constants in the Vapor Phase . From the data 
given in Tables 2.2 and 2.3 it is possible to calculate the partition 
functions for the D 2 and D 2 0 molecules. The results of this calcula¬ 
tion are given as ratios in Table 2.9, since only the ratios enter into 
the calculation of the equilibrium constants. The equilibrium con¬ 
stants for the following reactions are obtained directly from these 
ratios. 


H»> + D 2 z 2HD 
HgO + D 2 0 s 2HDO(vapor) 
HDO + D 2 D 2 0 + HD(vapor) 
HjjO + D 2 D 2 0 + ID,(vapor) 


The re sults are given in Table 2.10. The values for the calculated 
equilibrium constants for the reaction ILO + HD: HDO + KLare al«?o 
included in this table. As was seen in Chap. 1, the value of K as 
calculated from thermal data is 11.10 ± 0.42 cal per mole at 25°C. 
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3.2 Equilibrium Constants in the Liquid Phase . The equilibriums 
discussed so far have all involved vapor phase reactions. However, 
the equilibrium constants for a liquid phase-vapor phase reaction 
are often needed. These constants may be calculated quite easily 
from the data in Table 2.10 and the vapor pressures for the waters 
given in Chap. 1. 


Table 2.9—Ratios of Partition Functions Involving the D 2 and D 2 0 Molecules 


Temperature, °C 

Qd, /Qhd 

Qd,/Qh, 

Qd 2 o/Qhdo 

Qdjo/QhjO 

0 

6.7852 

146.54 

24.026 

2,172.0 

25 

5.8453 

111.41 

18.165 

1,253.1 

50 

5.1535 

88.39 

14.342 

787.2 

75 

4.6268 

72.49 

11.715 

528.7 

100 

4.2142 

61.06 

9.8318 

374.55 

125 

3.8834 

52.54 

8.4344 

277.06 


Temp., 

Table 2.10 — Additional Equilibrium Constants 

2 2 

„ _ QhdoQh, „ Qhd „ Qhdo „ Qd.oQhd 

., Qd,oQh, 

°C 

1 Qh,oQhd ^ Qh,Qd, 

3 Qh j0 Qd i0 

4 ' QhdoQd, 

5 Qh,oQd, 

0 

4.19 3.17 

3.76 

3.54 

14.82 

25 

3.62 3.26 

3.80 

3.11 

11.25 

50 

3.20 3.33 

3.83 

2.78 

8.90 

75 

2.88 3.39 

3.85 

2.53 

7.29 

100 

2.62 3.44 

3.87 

2.33 

6.13 

125 

2.43 3.48 

3.89 

2.17 

5.27 


As an example, the reaction 

H z O(liq) + HD: HDO(liq) + R, K[ 
may be written as the sum of the following three reactions: 


HgOOvapor) + HD r HDO(vapor) + H 2 

HaOfliq) = HjOfvapor) K a = Ph 2 o 

HDO(vapor) ~ HDO(liq) K' b = = 

f hdo 


where Ph 2 o ' s the vapor pressure of I^O and Phdo the vapor pres¬ 
sure of HDO. Then 
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I 


K[ = KjK a K(, = K t 


p h 2 o 

P HDO 


Similarly, the equilibrium constant KJ for 

HDO(liq) + D 2 x D 2 0(liq) + HD 

* 

is given by 



P HDO 

p d 2 o 


The values for KJ and K 4 are given in Table 2.11. The values of Kj 
and K 4 are included for comparison. 


Table 2.11—Equilibrium Constants for the Liquid Phase-Vapor 

Phase Reaction 


Temperature, °C 

k; 


k; 

k 4 

0 

4.69 

4.19 

3.96 

3.54 

25 

3.87 

3.62 

3.33 

3.11 

50 

3.37 

3.20 

2.92 

2.78 

75 

2.99 

2.88 

2.62 

2.53 

100 

2.69 

2.62 

2.40 

2.33 

125 

2.47 

2.43 

2.21 

2.17 


4. EQUILIBRIUM CONSTANT FOR EXCHANGE REACTION INVOLVING 

AMMONIA 

4 - 1 Theoretical Calculations , (a) General Method . The theoret¬ 
ical values of these equilibrium constants were calculated by Kimball 

and Stockmayer. 13 The general method used has already been dis¬ 
cussed. 

(b) Partition Functions for Nit,, N^D, NHD 2 , and ND,. The spec¬ 
troscopic data required for the calculations of the thermodynamic 
properties of these molecules were taken from the review article by 
Dennison. 7 The vibrational spectra of NHg and ND 3 are complicated 
because of the almost equal values of the frequencies v 1 and v 2 and 
the large splitting of the levels of v 3 (because of the resonance of the 
nitrogen atom through the plane of the hydrogen atoms). Consequently 
a really accurate treatment of the anharmonic corrections was not 
possible, since the positions of only the fundamental bands were 
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known with certainty. Nevertheless, the zero-order frequencies oj. 1 
for NH 3 and ND 3 must satisfy certain relationships independent of the 
potential constants. Dennison was therefore able to calculate the con¬ 
stants in the following type of expression for the vibrational energy: 



where cu i denotes the zero-order frequency of the ith vibrational 
mode, nj is the vibrational quantum number, and a i describes the 
anharmonic correction. The corresponding fundamental bands u i are 
then given by the relation 


Since o; i is quite small, 

OJ i « Vj (1 + Qfj) 

By analogy with diatomic molecules, it was assumed that in passing 
from NH 3 to an isotopic molecule (") the relation 

a. _ a- 


holds. With the values of u i and ofj given by Dennison for NI^ and 
ND 3 , it was possible to calculate the zero-order potential energy and 
to find the frequencies for NHgD and NHD 2 , the molecular dimensions 
being obtained from the rotational spectrum. The zero-point energies 
of these molecules are given by 



The results of the calculations are given in Table 2.12. The contri¬ 
bution of excited vibrational states to the partition function is the 
factor 
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where Uj = hi^/kT. 


Q vib = n (1 - e" Ul ) _1 




Table 2.12—Vibrational Constants for NHj, Nl^D, NHD 2> and ND 3 


Frequency, cm -1 


Quantity 

nh 3 

NH.D 

nhd 2 

nd 3 

0J X 

3539 

3567 

2573 

• 2524 

«i 

0.0609 

0.0614 

0.0443 

0.0434 

u> 2 

3622 

2622 

3595 

2670 

or 2 . 

0.0610 

0.0442 

0.0605 

0.0450 

W 3 

1055 * 

974 

884 

803 


0.1106 

0.1021 

0.0927 

0.0842 

Lit 

1685 

1652 

1276 

1222 

*4 

0.0356 

0.0349 

0.0270 

0.0258 

(o' z 

A. # 

3622 

3622 

2670 

2670 

<*2 

0.0610 

0.0610 

0.0450 

0.0450 

«S 

1685 

1435 

1508 

1222 

a 4 

0.0356 

0.0303 

0.0319 

0.0258 

o) 0 (zero- 
point energy) 

7493 

6841 

6176 

5495 


Analysis of the rotational spectra of NR, and ND 3 gave the dimen¬ 
sions of these molecules quite accurately as follows: 


H-H distance 

1.631 A 

N-H distance 

1.014 A 

Height of pyramid 

0.377 A 

H-N-H angle 

107°3' 
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Q" 

Q 


M^WcY* [Vs Qvib 

M^IaIbIc ) n" Q vib 6Xp 




he 

kT 



where M represents the total mass of a molecule. Table 2.14 gives 
the values of this ratio for adjacent ammonia isotopes at several 
temperatures. 

(c) Equilibrium Constants . Combining the ratios of the partition 
functions in Table 2.14 with the ratios of Tables 2.5 and 2.9, the 
equilibrium constants for the reactions 

NH 3 + NHD 2 2NIL>D Kg 

NR.D + ND 3 X 2NHD 2 . K, 

NH, + HD x NIi>D + ^ Kq 

NHD 2 + D 2 it ND 3 + HD Kg 

NHg + HDO r NIL,D + IL.O K 10 


NHD 2 + D 2 0 :ND 3 + HDO K n 


have been calculated at various temperatures. The numerical values 
of these constants are given in Table 2.15. 

Although the above calculations for the ammonia system cannot be 
claimed to be as accurate as those for the water system, the values 
for the equilibrium constants, as given in Table 2.15, are believed to 
lie within 5 per cent of the correct values at the lowest temperatures. 
The calculated equilibrium constants are more accurate at the higher 
temperatures. 

4.2 Experimental Determination of the Equilibrium Constants for 
the Reaction NH, + HD ^ NFL.D + Hj. (a) Procedure . The equilib¬ 
rium constant K 8 was determined experimentally by Herrick and 
Sabi . 14 Their apparatus is shown schematically in Fig. 2.3. They ap¬ 
proached the equilibrium from both sides. The hydrogen used for 
these experiments was obtained from a commercial tank and was 
dried by slow passage through a liquid-air trap. The HD, which was 
dried in a similar fashion, was made in the generator described 
earlier in this chapter and shown schematically in Fig. 2.2. The NH, 
used was obtained from a tank supplied by The Matheson Co., Inc. 
The NH>D was produced by an exchange of the commercial NH, with 
heavy water. Both the light and the heavy ammonia were dried with 
sodium. All the gases except the ordinary Hg were stored in bulbs. 

As can be seen from Fig. 2.3, volume V, was made up of the tubing 
between the storage bulbs and stopcocks 2, 3, and 4. Volume V 2 con- 
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Table 2.13—Rotational Constants for NH 3 , Nl^D, NHD 2 , and ND 3 


Molecule 

IaIbIc* 

n s (symmetry number) 

nh 3 

7.7055 

3 

NHjD 

16.3349 

1 

nhd 2 

31.9606 

1 

nd 3 

57.6415 

3 


*1 in A 2 x atomic weight units. 


Table 2.14 —Partition Function Ratios for NH 3f NHjD, NHD 2 , and ND 3 


Temperature, 

Qnh,d 

Qnhd, 

Qnd, 

°c 

Qnh, 

QnHjD 

Qnhd, 

0 

148.01 

50.639 

17.587 

25 

111.14 

37.840 

13.0566 

100 

59.426 

20.036 

6.8206 

200 

35.32 

11.81 

3.987 

300 

25.36 

8.456 

2.840 

400 

20.19 

6.724 

2.246 

500 

17.20 

5.679 

1.904 


Table 2.15—Equilibrium Constants for Exchange Reactions Involving 

Ammonia (Vapor Phase) 



Ke 


K. 

K, 

• K 10 

Temp., 

°C 

Qnh,d 

^NHjQnHD, 

QW_ 

^nh,dQnd, 

QkHjDQHj 

Qnh, Q hd 

Qnd,Qhd 

QnHDjQd, 

Qnh,dQh,o 

Qnh,Qhdo 

0 

25 

100 

200 

300 

400 

500 

oo 

2.92 

2.94 

2.97 

2.99 

3.00 

3.00 

3.00 

3 

2.88 

2.90 

2.94 

2.96 

2.98 

2.99 

2.99 

3 

6.85* 

5.83* 

4.10* 

3.03 

2.53 

2.24 

2.07 

3/2 

2.59 

2.23 

1.62 

1.23 

1.05 

0.94 

0.87 

2/3 

1.64 

1.61 

1.56 

1.52 

1.50 

1.49 

1.49 

3/2 

*In the temperature 
the reaction NH, + HD 

range from 0 to 100°C the calculated equilibrium 
= NHjD + H, is given by log K, = 0.0039 + 227.2/T. 


Qnd,Qhdo 

Qnhd^d^o 

0.732 
0.719 
0.694 
' 0.670 
0.661 
0.664 
0.663 
2/3 

constant for 
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sisted of the reaction bulb R and the capillary tubing lines to stop¬ 
cocks 2 and 4. The effective ratio of these two volumes was deter¬ 
mined experimentally at each temperature from the PV relationship. 
Both volumes were supplied with manometers M. A few milligrams 
of a platinum catalyst was used to accelerate the exchange reaction. 

VACUUM 
PUMP 


3 


NH 3 

SAMPLE 


H 2 

SAMPLE 


ATM 


Fig. 2.3 Apparatus for the determination of the equilibrium constant for the reaction 
NH, * HD r NH 2 D + H,. 

(1) to (11) Stopcocks (S) Oil thermostat 

(C) Capillary u tube (T) Toepler pump 

(M) Manometer (W) Catalyst 

(R) Reaction bulb (V,), (V 2 ) System volumes 


This catalyst was placed at the end of the glass preheating coil. A 
preliminary experiment, using a very low heat-capacity thermocouple, 
showed that at the gas velocities employed the gaseous reaction mix¬ 
ture attained the temperature of the oil thermostat before the catalyst 
chamber was reached. The temperature of the thermostat was kept 
constant to +0.2°C. 

The experimental procedure consisted in admitting ammonia, light 
or heavy, to V, and recording the pressure. The ammonia was then 
transferred by way of stopcock 4 to V 2 , with liquid air used around 
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the capillary u tube C. With stopcock 4 closed, the ammonia was ex¬ 
panded, and its pressure was noted. Hydrogen was admitted to V,, 
and its pressure was measured. Then the ammonia in V 2 was again 
frozen down, stopcock 4 was opened, the hydrogen was expanded into 
V 2 , and the pressure was read. Finally, with stopcock 4 closed, the 
ammonia was again permitted to warm up, and the total pressure was 
determined. Since the effective volume ratios were known, all the 
final pressures could be calculated. A comparison of the calculated 
and observed pressures permitted the detection either of the adsorp¬ 
tion of ammonia (or hydrogen) by the catalyst or of the catalytic 
cracking of the ammonia at the higher temperatures. No cracking 
was found, but several per cent of the ammonia was adsorbed (see 
Table 2.16). 

Following the measurement of the total pressure the mixture was 
circulated back and forth over the catalyst by means of a Toepler 
pump. After about 100 cycles the equilibrated ammonia was frozen in 
the u tube C by means of liquid air, and the hydrogen was pumped 
into a sample bulb. Stopcock 2 was then opened to the vacuum line, 
and the last traces of hydrogen were removed from V 2 . After the 
evacuation all the ammonia was condensed into a sample bulb. The 
hydrogen gas was analyzed on a Nier mass spectrometer, as dis¬ 
cussed in Chap. 3. Since the mass spectrometer used was subject to 
occasional erratic behavior, the possibility of error was minimized 
by analyzing the gases from each experiment several times, usually 
at intervals of one or two days. The ammonia was cracked on a hot 
platinum filament before analysis. This method of cracking ammonia 

and analyzing the resulting gases for isotopic content is discussed in 
Chap. 3. 


(b) Results . The experimental data are summarized in Table 2.16 
The equilibrium constant is given by 


K . [nh.dHh,] 
8 TNH 3 J [hd; 


The spectrometer analyses were obtained as the ratio D/H 
ammonia this ratio is as follows: 


For 


(h)nh, 


- [NH,D] 
21NHjDJ + 3[NHj 


[NH,Dl/[NHj 
fH 2 DJ/lNH 3 ] + 3 


For hydrogen this expression is 


(£) - - HP [hd]/[hJ 
Wh. hd + 2 H 2 - [HDj/ftt,] + 2 



Table 2.16 — Experimental Data for Hydrogen-Ammonia Exchange 
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or 


[NIL,!)] _ 3(d/H)nr, 
"[NH 3 ] 1 - 2(D/H) NHs 

and similarly 

[HD] _ 2(d/h)h, 

[HJ 1 - (D/H) Hi 


Thus 


K» = 


3 (D/H)nh, 1 — (D/H)hj 

2 (D/H)h, l“ 2 (D/H)nh s 


(5) 


This equation can be simplified to 


1.5(D/h)nh, 

^ = (D/H)h s 

as the D/H ratio approaches zero. The approximate formula should 
not be used with the data in Table 2.16, for it may introduce an error 
as large as 5 per cent in the final answer. If the exact formula is 
used, these data give equilibrium constants that agree very well with 
the theoretical values, as may be seen from the results in Table 2.17. 

Inasmuch as both the deuterium content of the starting materials 
and the partial pressures were known, the equilibrium value of 
(D/HInh, could be calculated from (D/h)^ at equilibrium by means of 
a material balance. This calculation was made, and the data are given 
m Table 2 . 16 . The stoichiometric equilibrium constants in Table 2 17 

CalCulated values I° r (D/H) NHj . These 
., ® igh ‘ balance constants are generally, but not always, slightly 

bltoT i ! 16 directly de termined constants. The disagreement 
between the two methods of determining the equilibrium constants is 

mate V oftH meaSUr f ° f 1116 6Xperimental error - A conservative esti- 
tbe ex P e rimental error is about 3.5 per cent. The theoretical 

facto^ rTO r6SultS are compared in Fig. 2.4. The fractionation 


(D/h)nHj 
= (D/H)h, 
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TEMPERATURE, °C 

Fig. 2.4—Equilibrium constant for the reaction NH 3 + HD : NHjD + Hj. o, observed; 
A, theoretical. 


Table 2.18 — Fractionation Factors for the Vapor Phase Reaction 

NH3 + HD = NHjD + Hj 

Fractionation factor 

Temperature, °C (D/H) h , 


25 3.59 

125 2.42 

178.5 2.14 

182.0-182.5 2.06 


may be calculated easily from the data in Tables 2.16 or 2.17. This 

has been done, and the average value for each temperature is given 
in Table 2.18. 

5. EQUILIBRIUM CONSTANT FOR OXYGEN EXCHANGE REACTION 

BETWEEN CARBON DIOXIDE AND WATER 

The reactions involved in the exchange between C0 2 and H*0 are 

jp.wJl'j.'ntl/ • !r.• .*! ' r 

COj e (gas) + 2H z O‘ e aiq) = CO^Cgas) + 2H 2 0 16 (liq) K a 
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and 


CO * 6 + CO * 8 - 2C0* 6 0 * 8 K b 


Thus 



WU „ [H,Q 18 ]i tq 
' [CO‘ 6 ] gas [H 2 0-n, q 


_ [CQ 16 Q* 6 1|as 

b ' [Ctf 2 6 ] gas [COj 8 ] gas 


Combining the two equations gives 


K a K 



[CO^lgas x 
[COf]^ [HaO 18 ]^ 


Urey and Greiff 15 have shown by calculation that K b = 3.9993 at 25°C, 
i.e., K b = 4.00. Their calculations, which are quite similar to those 
already discussed for I^O, HL.S, and NH 3 , also give K a = 1.090 when 
the vapor pressure data of Wahl and Urey 16 and of Riesenfeld and 
Chang 17 are used. The product is thus K a K b = 4.359. The value of this * 
product has been determined experimentally by Voskuyl, Inghram, 
and Rustad . 18 A sample of Columbia University distilled water was 
electrolyzed to produce oxygen having the same isotopic composition 
as the water except for the electrolytic fractionation factor. The dis¬ 
tilled water was also equilibrated with C0 2 by means of the procedure 
described in Chap. 4. The data thus obtained are summarized in 
Table 2.19. Substituting these values in the equation just derived 
gives 


K a K b 



This experiment involved the determination of the absolute value of 
two isotopic ratios. In order to eliminate the uncertainties inherent 
in the determination of absolute values on a mass spectrometer, an 
experiment was designed whereby it would be necessary to compare 
only the relative ratios and not the absolute values. Carbon and hy¬ 
drogen were each burned in tank oxygen, producing CO z and I^O, 
respectively, of identical oxygen-isotope content. The IL,0 was equi¬ 
librated with the tank CO z , and the resultant gas was compared with 
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C0 Z produced by combustion. The product K a K b was calculated from 
these data, giving a value of 4.40. Both these experimental values 
agree with the calculated value of 4.359 within experimental error. A 


Table 2.19—Determination of the Equilibrium Constant for the 

Oxygen Exchange between CO a and I^O 


Sample analyzed 
Tank 0 2 

0 2 from electrolyzed water 
0 2 from electrolyzed water 
corrected for electrolytic 
fractionation 

Tank C0 2 

C0 2 equilibrated with water 


Analyses 

0 ,B 0 16 ] foO 16 ] [co 1B o lB ] 

0 1B 0 18 ] [HjO 18 ] [C0 ,8 0 1B ] 

257 

270 

267.4 534.8 


263 

257.5 


consideration of all the factors involved indicates that the theoretical 
value of 4.359 should be used for the product of the two equilibrium 
constants, so that 


(K a K b ) V2 = 2.088 

It is this factor which enters into the formulas derived in Chap. 4 for 
the analysis of the O 18 content of water by equilibration. 
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Chapter 3 


ISOTOPIC ANALYSIS BY THE MASS SPECTROMETER 


1. INTRODUCTION 

The first quantitative estimation of deuterium in hydrogen gas 
was carried out by spectroscopic means by Urey, Brickwedde, and 
Murphy. 1 These measurements were based on the different wave¬ 
lengths of the corresponding lines in the atomic spectra of the light 
and heavy hydrogens. Unfortunately, however, the spectroscopic 
method is not very accurate and can be used only if a suitable spec¬ 
trograph of high dispersion (about 1 A per millimeter) is available. 

Therefore it was necessary to develop another method, one capable 
of very high accuracy, for the analysis of small amounts 6i hydrogen 
gas for its isotopic content. Such a method, employing a mass spec¬ 
trometer, has been developed. The analysis of the hydrogen isotopes 
by the mass spectrometer was worked out by Bleakney. 2 The method 
has since been developed to high accuracy and has become, in some 
cases, a routine method. For work of the highest accuracy, however, 

the mass-spectrometer operator must be more than a mere tech¬ 
nician. 

The principle of operation of the mass spectrometer is as follows: 
Electrons emitted by a hot filament are accelerated by an electric 
field through one or more defining slits to form an electron beam. 
This beam of electrons is directed through a region that contains hy¬ 
drogen at a pressure of about 10“ 4 mm Hg, and as a result there is 
produced within the beam a variety of monatomic, diatomic, and tri- 
atomic hydrogen ions (see Table 3.1). A small negative potential 
draws the ions out from this ionizing region in a direction perpendi¬ 
cular to the plane of the electron beam. A portion of these ions, which 
pass through a series of defining or collimating slits, is accelerated 
*9* 311 e ^ctric field to produce a ribbon of ions. These ions have very 
near *y c °nstant energy. This ribbon of ions is dispersed into a mass 
spectrum by a magnetic field, and that part of the spectrum having a 
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particular mass, e.g., mass 3, is isolated by means of parallel slits. 
The number of ions of a particular mass and charge formed in a 
given instrument at a fixed electron-beam intensity and energy is a 
function of (1) the number of parent molecules or atoms in the un¬ 
ionized gas and (2) the ionization efficiencies of the parent molecules. 


Table 3.1 —Ions from a Mixture of the Hydrogens in 
Which H is More Abundant Than D 


Ion 

Mass 

Intensity 

Pressure 

dependence 

H + 

1 

Weak 

a,P + b.p 2 

H, + 

2 

Very strong 

a*P 

D + . 

2 

Very weak 

a*P + Np 2 

H, + 

3 

Weak 

b 4 p* 

HD + 

• 

3 

Weak 

a,P 

d 2 + 

4 

Very, very weak 

a*P 

I^D* 

4 

Very, very weak 

b 5 p 2 

HD+ 

■ 

5 

Very, very weak 

b„p 2 

d 3 + 

6 

Very, very weak 

bjP 2 


At the time of writing no experimental evidence had been obtained 
which showed a measurable difference in the ionization efficiencies 
of hydrogen and deuterium. 3 " 5 Thus the number of any of the hydrogen 
ions is a function of the number of parent molecules only. The re¬ 
solved ion beam of a given mass impinges independently on a collec¬ 
tor plate, and the resulting current is detected and measured. A 
comparison of the magnitudes of these individual currents, or the 
feedback potentials necessary to balance out the currents, gives the 
relative proportions of the isotopes. 

In hydrogen gas having a very low deuterium content, the masses 
compared are 2 and 3. The mass 2 is due to the H+ ion molecule with 
a negligible contribution from the D + ion. The mass-3 beam is com¬ 
posed of Hj and HD + ions. It is obvious, of course, that in an isotopic 
analysis it is the contribution of HD + to mass 3 and not the entire 
number of mass-3 ions which is of interest. The Hj ion formation 
presumably takes place through an ion collision with a neutral mole¬ 
cule. Therefore the HD + contribution can easily be determined, since 
the concentration of H+ ions is thus proportional to the square of the 

pressure, p 2 , whereas the concentration of the HD + ions is propor¬ 
tional to the pressure p itself. Consequently the number of ions of 
mass 3 is given as shown in Table 3.1 by 

I - a^p + b 4 p 2 
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If, therefore, i/p is plotted vs. p and the straight line is extrapolated 
to p = 0, the intercept will give the true HD + contribution. Actually, 
however, this extrapolation procedure is modified somewhat in prac¬ 
tice. The modified method of extrapolation will be discussed later. 
The possible ions resulting from a mixture of the two hydrogen iso¬ 
topes in which H is much more abundant than D are shown in Table 

3.1. This table is taken from the review article by Urey and Teal. 4 

In deuterium gas containing very little hydrogen, the masses com¬ 
pared are 3 and 4. The mass 3 is principally due to HD + with a small 
and sometimes negligible contribution from the HJ ion molecule. The 
mass-4 beam is composed of Dj ions and a negligible number of H,>D + 
ions. When analyzing gas samples having hydrogen and deuterium 
concentrations of about equal magnitude, it is necessary to compare 
the intensities of the three masses, 2, 3, and 4. 

2. NIER MASS SPECTROMETERS FOR HYDROGEN GAS WITH LOW 

DEUTERIUM CONTENT 

2.1 Initial Design, Nier I. (a) Ion Source . The various types of 
mass spectrometers in use are discussed in detail in a number of 
standard reference books and articles. 6 " 8 One of the most recent 
mass spectrometers is that designed by Nier. 9 In this instrument, 
called “Nier I,” positive ions are produced, as in many other instru¬ 
ments, by electron impact with the molecules in the gas. The ion 
source, which is shown schematically in cross-sectional view in Fig. 

3.1, consists of three circular nichrome V plates, A, C, and D. These 
plates are 3.5 cm in diameter and 0.0625 cm thick. They are held 
together by means of four studs placed around the periphery. Two 
of these studs are shown in Fig. 3.1a. Number 15 nichrome V wire 
cut with a 0-80 thread is used for the studs as well as for other bolts 
in the apparatus. The plates are separated and insulated by means of 
pyrex spacers (short lengths of pyrex tubing with ends ground flat). 
To the upper plate A there is attached (1) a box containing the fila¬ 
ment F, (2) an insulated plate B, and (3) the electron-trap box G en¬ 
closing the insulated trap plate T. 

The filament F consists of a tungsten-ribbon hairpin mounted be¬ 
tween two vertical tungsten leads, only one of which can be seen in 
Fig. 3.1b. The ribbon is 0.025 mm thick and 1 mm wide and has a 
total length of about 1 cm. The filament current of about 5 amp is 
supplied by two 6-volt storage batteries connected in parallel and is 
controlled by an ordinary laboratory slide-wire rheostat. The emitted 
electrons^ are accelerated by a difference of potential of 90 volts (two 

radio “B” batteries) connected between one end of the filament and 
the plate A. 
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A fraction of the electrons pass through the slit S„ (2.5 by 0.2 mm) 
and travel on to be caught and measured on the trap plate T. The slit 
S 4 is actually in a small vertical plate attached to the filament stem 



(a) (b) 


0 4 2 3 4 5 



CENTIMETERS 


Fig. 3.1—Ion source. (A, B, C, D) Plates. (F) Filament. (G) Electron-trap box. (S lt 
S 2 , S 4 , S a ) Slits. (T) Insulated trap plate. 

by means of a strap above the seal. This plate is positioned by studs 
located on top of the filament box. The lining up of a new filament 
behind S 4 can therefore be done outside. The total electron emission 
(the current to A) is about 400 /ia, whereas the current to T is 20 M a * 
A difference in potential of 45 volts between G and T prevents escape 
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of electrons from the trap. The electron beam, its cross section in¬ 
dicated by three dashes between B and C in Fig. 3.1a and by a series 
of horizontal dashes in Fig. 3.1b, is kept in line by the magnetic field 
of a small bar magnet placed in the neighborhood of the tube. 

Ions formed by the electrons are drawn downward by an electric 
field of several volts per centimeter between B and C. Some of the 
ions pass through slit and are further accelerated by a large dif¬ 
ference in potential between C and D. A fraction of these, indicated 
by the dotted lines in Fig. 3.1a, pass through S 2 into the mass ana¬ 
lyzer. These ions all have essentially the same energy because the 
energy acquired by acceleration between plates B and D is large 
compared with the initial energy of the ions. Electrical connections 
to the various plates are made through tungsten-to-glass seals* in 
the part of the tube cut off in the diagram. 

(b) Magnetic Analyzer . Barber 10 and others 11 have shown that if a 
slightly divergent beam of ions (all the ions having the same momen¬ 
tum) passes into the homogeneous magnetic field between two V- 
shaped poles, and if the particles enter the magnetic field perpendic¬ 
ular to the pole boundary and are bent through such an angle in the 
field as to leave the field boundary perpendicularly, a refocusing of 
the ion paths results. The nature of the focusing is such that the 
source of ions, the apex of the wedge-shaped magnetic field, and the 
point of refocusing all lie on a straight line. This focusing arrange¬ 
ment has already been used by Bainbridge and Jordan 12 as part of a 
double-focusing mass spectrograph. 

Fipire 3.2 shows a cross-sectional view of the spectrometer tube. 
The ion source is enclosed in a pyrex-glass housing, which is sealed 
to a length of V 2 -in. Kovar tubing. The Kovar is, in turn, silver- 
soldered to a 22.5-in. length of 3 / 4 -in. copper tubing bent into the form 

shown in the diagram. On the right of the figure may be seen the ion 
collector and pump lead for the system. 

presence of Kovar, which is magnetic, does not appear to affect 
“7 ion trajectories appreciably. The proximity of the Kovar to the 
ectron beam does, however, lead to some difficulties in lining up 

rim ea ^’ difficu *ties could be eliminated by having the small 

cup on the under side of plate D extend most of the way to the glass 
, rather than having the Kovar tube extend to plate D. 

ofl\ ri K bb0n0f . i0nS ^ indicated ™ Fi &- P asses ^ong the center 
mg until it reaches the effective boundary of the magnetic 


* 


Kovar 


may be used in 


place of tungsten. 
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field. The radii of curvature of the ions in this field are given by the 
formula 


— = 4.82 x 10- 5 
e 


r 2 H 2 

V 


where m/e = atomic mass units per electronic charge 

r = radius in centimeters 
H = oersteds 

V = potential through which the ions have been accelerated 
in electron volts 


ION 

SOURCE 



Fig. 3.2—Cross-sectional view of the entire spectrometer tube. 


In operating the instrument, H is held constant and the various iso¬ 
topes are brought into focus by adjusting the voltage V. 

In calculating the effective boundary of the magnetic field, allow¬ 
ance must be made for the fringing flux. The integrated effect of this 
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has been shown to be equivalent to having pole facesextending approx¬ 
imately a pole-gap width beyond the physical boundary of the pole. It 
is therefore the apex of this effective pole face which should be on 
the line between the entrance and exit slits of the analyzer. This is 
indicated in Fig. 3.2. 

(c) Magnet . Figure 3.3 is a diagram of the magnet, which is con¬ 
structed entirely of low-carbon-steel stock of standard dimensions. 
The cylindrical poles are of SAE 1X20, while the rectangular cross- 
sectional pieces are of SAE 1020. None of the dimensions are critical. 
The choice of the 3 15 /ie-in. stock for the cylindrical poles was origi¬ 
nally made merely because 4-in. I.D. brass tubing was used as spools 



DIMENSIONS GIVEN IN INCHES 


Fig. 3.3 Cross-sectional views of magnet. 


r°I h!, C °vT r Wlre - Each coil is wound with 1,800 turns of No 14 

r „nf l tt0n ' COVered Wire and has a Stance of 6 9 ohms 
The coils can be connected in series or parallel , 

Q P r e r f COnSUmP r’ tW ° 6 ' V ° U St0rage batteries 'indiesare’adH 
q ate for operation and no water cooline of thp * 
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along tracks. Leveling screws permit adjustment of the position of 
the magnet relative to the tube. The air-gap width of 3 /i 6 in. allows 
Vis in. for clearance. This is sufficient for sideways adjustments. 

(d) Operati on. The apparatus is evacuated through the pump lead 
shown in Fig. 3.2. A two-stage mercury diffusion pump with solid 
carbon dioxide around the trap is used. Pressures are measured with 
a McLeod gauge. Since the entire spectrometer tube is free of wax 
and grease joints, it is outgassed readily by heating (during the evac¬ 
uation) with electric furnaces wrapped around the various parts. 
During this baking the magnet is rolled aside, and a small box fur¬ 
nace is placed about the copper analyzer. The absence of grease and 
wax joints, as well as the use of the baking process, reduces the 
residual water and other gases in the tube to a minimum. This is an 
important factor in the study of gases having the same masses as the 
impurities. 

The gas to be studied is admitted continuously through a capillary 
leak attached to the ion-source chamber. The pressure in the ionizing 
region has been estimated to be about 10" 1 mm Hg. 

The analyzed ion currents are measured with an electrometer tube. 
The measuring circuit is the one described by Penick. 13 This circuit, 
with the galvanometer used,* has a voltage sensitivity of about 10 5 
mm per volt at a scale distance of 1.7 meters. An Ayrton shunt is 
used to reduce the sensitivity. A further reduction of sensitivity is 
possible by changing the grid resistor from 2 x 10 10 to 2 x 10 9 ohms 
(types MG-3 and FH-1 of International Resistance Co.). 

The high voltage for the acceleration of the ions is supplied by a 
1,200-volt stabilized rectifier set of the degenerative type such as 
described by Hunt and Hickman. 14 This unit is considerably more 
complex and gives much steadier voltages than are needed for the 
mass spectrometer. Nier has suggested that one of the simpler cir¬ 
cuits referred to by Hunt and Hickman, giving voltages up to 500 
volts, would be adequate. 

The accelerating voltage applied to the ions is connected to plates 
B, A, C, and D by a voltage divider in such a fashion that (1) A is 
always at a potential midway between B and C and (2) the potential 
difference between B and C is always a given fraction of that between 
C and D. 

2.2 Later Design, Nier II. (a) Introduction. The original Nier I 
mass spectrometer was subsequently redesigned by Nier, Inghram, 


*The galvanometer used has a period of 7 sec and a sensitivity of 4 * 10' 10 amp per 
millimeter. 
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Stevens, and Rustad 15 and made into an instrument useful for rapid 
routine analysis of H 2 gas containing relatively low concentrations of 
HD. The design was such that it could be revised to analyze samples 
containing large amounts of D 2 . This Nier instrument is discussed 
later in Sec. 3. 


The Nier II mass spectrometer contains several unique features 
not previously incorporated in instruments heretofore used for hy¬ 
drogen analyses. The most important of these features are: 

1. The magnetic field used to bend the ions in the analyzer is sup¬ 
plied by small permanent magnets {Alnico) enclosed in the glass hous¬ 
ing of the spectrometer tube. Thus no large expensive electromagnet 
or power source is needed. 


2. Ions of mass 2 and mass 3 are collected simultaneously on sepa¬ 
rate collectors properly placed. 

3. The mass-3 ion/mass-2 ion ratio is read directly on a decade 
divider. Thus the ratio measured is independent of ion-intensity fluc¬ 
tuations in the apparatus. This method offers interesting possibilities 
for applications in which a continuous automatic record of the ratio of 


two quantities is desired or, alternately, for applications in which a 
deviation from a given ratio might be used to perform certain opera¬ 
tions that would restore the ratio to its desired value. 

4. All of the noncritical parts of the electric circuits are powered 
by a-c power supplies. Only the electrometer tube and feedback am¬ 
plifier are powered by batteries. Although these batteries could be 
replaced, it was felt that for the present this would not be desirable 
because the spectrometer would be used by individuals not having 
great familiarity with electronic equipment. 

5. The entire apparatus is housed in a compact angle-iron frame. 

(b) Mass-spectrometer Tube . A scale drawing of the essential 

metal p^rts of the spectrometer tube is shown in Fig. 3.4. Later the 
ion source was changed by Nier, Stevens, and Rustad 16 to the simple 
type of source used in the Nier I mass spectrometer. This change 
simplified the construction, making the adjustment less critical and 
giving a somewhat higher intensity of ions for the same sample-gas 
pressure and same electron current. Figure 3.5 shows the essential 

new Four small Alnico magnets* provide the mag¬ 
netic field as compared to the two magnets in the unrevised tube The 
parts of the unrevised tube, mounted in place in the special glass 
housing, are shown in Fig. 3.6. The gas enters the apparatus through 


*Any number 
used. 


or combination of 


magnets giving the specified field strength 


may be 
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a small glass capillary tube having its opening between plates 1 and 3. 
Pumping is done through a lead attached near the intersection of the 
three arms of the tube. 



Fig. 3.4—Spectrometer including source and collector. (1) Shield. (2) Electron trap 
(not shown in this figure). (3) Ion repeller. (4) Drawing-out plates. (5) Focus. (6) 
Focus. (7) Beam centering. (8) Beam centering. Numbers refer to octal plug connec¬ 
tions to high-voltage supply and emission regulator. 


The source and collector ends are made of nichrome V sheet. The 
analyzer tube joining the source with the trapezoidal steel pole faces 
is made of 1-in. copper or nichrome V tubing having a Vie -in. wall 




ISOTOPIC ANALYSIS BY THE MASS SPECTROMETER 


79 


thickness. The supporting bracket for the tube is made of steel, and 
the collector is joined to the trapezoidal steel poles by means of a 
nichrome V box of rectangular cross section. 



iron trl7(,^ 0me \ eT {reyised) Eluding source and collector. (1) Shield. (2) Elec- 
plate Nultar 0 ^ t ‘ US , . i T e) ' (3) Ion-repeUer plate. (6) Focus plate. (8) Fo" 

relator PlUg connecUons hlghyvoltage supply and emission 


Tbe anaiyzer, as in the Nier I spectrometer, empioys a wedee- 
haped magnetic pole and therefore has a refocusing property for a 

22Ti«-“ of 10ns leavin e the source. The source uses Z elec¬ 
trostatic-lens system designed with the aid of a rubber-dam model » 
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The electron beam used for producing the ions is held in alignment 
by a magnetic field of 100 oersteds, which is produced by a permanent 
horseshoe magnet surrounding the source in the tube, such that the 


results 
[el to the 
ly satis- 
i is used 
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OUMMY PLUG EMERGENCY H.V. 



reoelipp *^ volta f* t“ PPly . “ d emlsslon regulator. (1) Case. (2) Trap. (3) lor 
peller. (6) Focus. (8) Focus? Numbers refer to octal plug connections. 


and the focusing plates are readjusted to allow for the difference in 
Bending of the ions as they leave the region of the electron beam 
The shts in the grounded plate of the source are each 1 by 14 mm 
The analyzer slit in front of the mass-2 collector is 10 by 14 mm 
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whereas the slit in front of the mass-3 collector is 13 by 14 mm. 
The air gap between magnet poles in the analyzer is 9.5 mm (Vein.), 
and the poles are 12.7 mm (%in.) thick. 

(c) High-voltage Supply an d Electron-emission Regulator. The 
wiring diagram for these circuits is shown in Fig. 3.7, and a list of 
parts is given in Table 3.2. A conventional radio rectifier and filter 
are employed, and the output voltage is stabilized at 375 volts by 
means of the three VR-type tubes. The voltage-divider system ap¬ 
plying the potentials to the various electrodes appears in the upper 
right-hand corner of Fig. 3.7. It should be noted that incase of failure 
of the high-voltage supply, batteries may be used if they are con¬ 
nected to terminals 1 and 7 of the emergency plug socket. 

The entire unit also appears in Fig. 3.8. The photograph shows the 
control board of the Nier n mass spectrometer on the left-hand panel 
of the board. On this half of the panel are the controls for supplying 
various potentials to the electrodes. On the right half of the panel are 
mounted the meter and the controls for the emission regulator. As 
may be seen from the circuit diagram (Fig. 3.7), one of the beam¬ 
centering plates and one of the focusing plates are always grounded. 
The three dials across the top of the panel are used to control the 
potential of the ungrounded beam-centering plate, the ungrounded 
focusing plate, and the ion-repelling plate. Double-pole double-throw 
switches, used for selecting the beam-centering and focusing plates 
that are to be grounded, are mounted directly below the corresponding 
adjustable controls for these elements. The dial just to the right of 
the two double-pole double-throw switches is used to adjust the 
drawing-out voltage. The ion-repeller voltage is obtained from the 
drop across one of the VR75 tubes in the emission regulator. It is ad¬ 
justable between 0 and 37.5 volts. The 10,000-ohm General Radio 
potentiometer is used for fine adjustments of the high voltage, and 
the Yaxley (William E. Yaxley & Co.) tap switch, which has ten 
10,000-ohm fixed resistances, is used for coarse adjustment of the 
high voltage. The switch for turning on the high-voltage supply is 
mounted directly below the General Radio potentiometer. The trans¬ 
former that supplies the High voltage also supplies the voltage for the 
galvanometer lamp. 

The T-13R08 transformer in the emission regulator is used as a 
conventional power transformer and is complete with rectifier and 
filter as well as four VR75 tubes to obtain stable voltages. One of 
the T-13R13 transformers (corresponding to the T-13R04 transformer 
in Fig. 3.9), however, is used in an unconventional manner. It should 
be noted that the two No. 45 tubes connected across the high-voltage 
winding are used as half-wave rectifiers. The 2V2-volt windings are 
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Table 3.2—List of Parts for High-voltage Supply and Electron-emission Regulator 

Shown in Fig. 3.7 


Number 
Item of items 


Description 


Tubes 2 

1 

2 

5 

2 


Transformers 2 

1 

Meters 1 

1 

Condensers 2 

2 

1 

Resistors 1 


2 

1 

1 

1 

1 

1 

1 

2 

2 

1 

1 

2 

1 

1 

Miscellaneous 2 

3 
1 
1 

10 

4 
1 
1 
3 
2 
1 
1 
1 
1 



45 

6SJ7 

80 

VR75 

VR150 

13R13, Thordarson Electric Mfg. Co. 

13R08, Thordarson Electric Mfg. Co. 

0-10 amp a-c, Triplett Electrical Instrument Co. 321 
0-1 ma a-c, Triplett Electrical Instrument Co. 321 

3-8 /if, Cornell-Dubilier Electric Corp. EB-8800 
0.5-/if 600-volt, paper 
0.1 -/if 600-volt, paper 

10,000-ohm potentiometer, General Radio Co. 314A 
100,000-ohm potentiometer, Mallory Electric Corp. 

Y100 MP 

2,000-ohm potentiometer, Mallory Electric Corp. A2 MP 
25,000-ohm potentiometer, Mallory Electric Corp. Y25 
MP 

150-ohm 50-watt potentiometer, Ohmite 
150-ohm 25-watt (adjustable), IRC 
5,000-ohm 25-watt (adjustable), IRC 
10,000-ohm 25-watt (adjustable), IRC 
10,000-ohm 1-watt, IRC 
5,000-ohm 10-watt, IRC 
250,000-ohm 1-watt, IRC 
300,000-ohm 1-watt, IRC 
50-ohm 1-watt, IRC 

Special 100,000-ohm potentiometer (10,000-ohm steps) 

3- ohm 

3AG fuse holders and fuses 

SPSfT toggle switches, HH1 

Switch, Yaxley 1212L 

Switch, Yaxley 1311L 

Octal tube sockets, Amphenol MIP-8 

4- contact sockets, Amphenol MIP-4 

110-volt socket and plug, HH8-100 and HHP-101 

110-volt socket, MIP-61F 

6.3-volt pilot lamps and assemblies 

Octal cable connectors, PM8 

Binding post, Hugh H. Eby, Inc. 

10% x 19 In. panel 
13 x 17 x 3 in. chassis 
Pair of brackets 
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used to supply the current for the filament of the mass spectrometer. 
A resistance is connected in series with the primary of this trans¬ 
former. Thus, whenever the two No. 45 tubes are drawing a large 
current, owing to their grids being more positive than normal, the 
drop in the resistance in series with the primary will be larger than 
usual, and the filament current of the spectrometer will decrease. By 



Fig. 3.8—Control panel of Nier II mass spectrometer. 


means of the 6SJ7 tube, any slight change in emission of the filament 
of the mass spectrometer will appear as a great change in grid volt¬ 
age of the No. 45 tubes. Therefore the circuit acts in such a way as 
to maintain the emission at a predetermined value. This value can be 
adjusted by means of the 100,000-ohm resistance through which the 
emission current must flow. Under normal operating conditions, the 
emission is held at 5 ma. Initially 15 the Nier II instrument was de¬ 
signed to operate with an electron emission of 1 ma. The wiring 
circuit for this unit is shown in Fig. 3.9, and the list of parts is given 
in Table 3.3. It will be noted that Fig. 3.9 differs only in a few minor 
aspects from Fig. 3.7. The electron emission was raised in order to 
increase the ion currents by a factor of approximately 5. This has 
resulted in some very obvious and definite advantages. 16 First, this 
change means that the increase in the ratio of ion currents to back¬ 
ground amplifier fluctuations makes it possible to detect smaller 
changes in concentration. Conversely, for the same sensitivity, the 


amplifier need not be as steady. 


This simplifies the maintenance 
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problem. The greater sensitivity, moreover, makes possible the use 
of automatic recording of ratios should it become desirable to keep a 





Fig. 3.9 High-voltage supply and emission regulator. (1) Shield. (2) Electron trap. 
|3 Ion repeller. (4) Drawing-out plates. (5) Focus. (6) Focus. (7) Beam centering. 
W Beam centering. Numbers refer to octal plug connections. 


continuous record of the D/H ratios. By means of the double-pole 
double-throw switch, the milliammeter can be used as a voltmeter for 
measuring the grid voltage of the 6SJ7. Under normal conditions this 
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Table 3.3 List of Parts for High-voltage Supply and Electron-emission Regulator 

Shown in Fig. 3.9 

Number 

Item 

of items 

Description 

Tubes 

2 

45 


1 

6SJ7 


2 

80 


5 

VR75 


2 

VR150 

Transformers 

1 

13R13, Thordarson 


1 

13R04, Thordarson 


1 

13R08, Thordarson 

Meters 

1 

0-10 amp a-c, Triplett 321 


1 

0-1 ma a-c, Triplett 321 

Condensers 

2 

3-8 /if, Cornell-Dubilier EB-8800 


2 

0.5-pf 600-volt, paper 


1 

0.1-pf 600-volt, paper 


1 

l-/if 400-volt, paper 

Resistors (variable) 

1 

10,000-ohm potentiometer, General Radio 314A 


4 

100,000-ohm potentiometer, Mallory Y100 MP 


1 

10,000-ohm potentiometer, Mallory A10 MP 


1 

150-ohm 50-watt potentiometer, Ohmite 

Resistors (fixed) 

1 

150-ohm 50-watt (adjustable), IRC 


1 

10,000-ohm 25-watt (adjustable), IRC 


1 

20,000-ohm 25-watt (adjustable), IRC 


11 

10,000-ohm 1-watt, IRC 


1 

200,000-ohm 2-watt, IRC 


1 

60,000-ohm 1-watt, IRC 


1 

250,000-ohm 1-watt, IRC 


1 

20,000-ohm 1-watt, IRC 

Miscellaneous 

2 

3AG fuse holders and fuses 


3 

SPST toggle switches, HH1 


2 

DPDT toggle switches, HH4 


1 

Yaxley 1215L switch 


1 

Yaxley 1211L switch 


1 

Mallory 702 junior jack 


10 

Octal tube sockets, Amphenol MIP-8 


4 

4-contact sockets, Amphenol MIP-4 


1 

110-volt socket and plug, HH8-100 and HHP-101 


1 

110-volt socket, MIP-61F 


3 

6.3-volt pilot lights and assemblies 


2 

Octal cable connectors, PM8 


1 

10V2 x 19 in. panel 


1 

13 x 17 x 3 in. chassis 


1 

Pair of brackets 
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voltage will be approximately 3 or 4 volts negative. The 150-ohm 
Ohmite resistance in series with the primary of the transformer 
should be set so that it can be varied over a range without appreci¬ 
ably affecting the emission. With a filament of tungsten ribbon 0.001 
in. (0.025 mm) thick and approximately 0.03 in. (0.75 mm) wide, the 
proper setting for the fixed resistance in series with the 150-ohm 
Ohmite rheostat is approximately 50 ohms. 

(d) Electrometer-tube Amplifier and Feedback Amplifier . The am¬ 
plifying units occupy the right-hand panel in Fig. 3.8. The controls 
for the electrometer-tube amplifier are mounted on the top row of the 
panel. From left to right, they are as follows: the Ayrton shunt, the 
switch, the filament rheostat, the meter, and the coarse and fine zero 
adjustments in the plate circuit. The galvanometer has the highest 
sensitivity when the Ayrton shunt is set on step 1, and the sensitivity 
decreases by a factor of approximately 2 for each step except for the 
step from 6 to 7, in which the decrease in sensitivity is by a factor of 
5. In the second row are the controls for the feedback amplifier. To 
the right of the switch are the filament rheostat, the 100-ma filament 
meter, and the coarse and fine zero adjustments. The meter in this 
row should be set at 50 ma, whereas the meter in the top row is 
always set at 90 ma or slightly less. Directly below the switch may 
be seen the dial controlling the coarse adjustment on the decade- 
resistance bank (thousands) shown in the center of Fig. 3.10. The 
four decade dials in the lowest row correspond to the other four re - 
sistance decades. These dials determine the fraction of the signal 
coming to the mass-2 collector, which is sent into the grid circuit of 
the FP54 amplifier to balance out the signal due to the mass-3 ion. 
Steps 1, 2, and 3 of the three-step switch on the left correspond to 
none, a fraction, or all the output of the feedback amplifier being fed 
into the grid circuit of the FP54 tube. Steps 1, 2, and 3 on the right- 
hand switch correspond to infinite resistance, 40,000 ohms, and 10,000 
ohms connected in series with the 200-pa meter. 

The zero balance point of the FP54 circuit is adjusted very simply. 
A potential is applied to one of the ion-beam-centering plates in the 
ion source. This sweeps both ion beams to the side of the tube. The 
1,000- and 10,000-ohm variable resistances in the plate circuit of the 
FP54 are then varied until the galvanometer (Fig. 3.10) is at an arbi¬ 
trary zero. This zero may be any point on the galvanometer scale. 
The electrometer grid of the FP54 is, of course, not grounded during 
this process. 

Following this, the feedback amplifier is adjusted, using the FP54 
as a zero-balancing device. With the FP54-electrometer grid un- 
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Fig. 3.10—Electrometer-tube amplifier and feedback amplifier. List of parts is given 
in Table 3.4. 
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Table 3.4 List of Parts for Amplifiers Shown in Fig. 3.10 


Number 
Item of items 


Description 


Tubes 1 

1 

2 

1 

Transformers 1 

Meters 1 

1 

1 

Condensers 1 

5 

Resistors 1 


1 

1 

1 

2 

1 

1 

1 

1 

1 

2 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 


Miscellaneous 2 



GE FP54 and special housing 
959 and special housing 
1S5 
6J5GT 

T-19F81 

0-100 ma a-c, Triplett 321 

0-1 ma a-c, Triplett 321 

Type 2500-b, Leeds & Northrup Co. 

0.02 -/if 600-volt, paper 
0.1-/if 600-volt, paper 

2 x 10 iO ohm, IRC, MG-3 or FH-1 
2 x 10® ohm, IRC, FH-1 
4 x 10 l ° ohm, IRC, MG-6 
100,000-ohm, General Radio 314A 
10,000-ohm, General Radio 314A 
. 1,000-ohm, General Radio 314A 
50-ohm, General Radio 214A 
170-ohm (150 ohms + 20 ohms) 10-watt 
500,000-ohm potentiometer, Mallory Y500 MP 
15,000-ohm 10-watt 
1-megohm 1-watt 
3-megohm 1-watt 
40,000-ohm, IRC, WW-4 
10,000-ohm, IRC, WW-4 
5,000-ohm, IRC, WW-4 
3,000-ohm, IRC, WW-4 

7,000-ohm (5,000 ohms + 2,000 ohms) IRC, WW-4 

2,000-ohm, IRC, WW-4 

1,000-ohm, IRC, WW-4 

500-ohm, IRC, WW-4 

250-ohm, IRC, WW-4 

200-ohm, IRC, WW-4 

50-ohm, IRC, WW-4 

1-ohm (0.1-ohm steps), General Radio 510A 
10-ohm (1-ohm steps), General Radio 510B 
100-ohm (10-ohm steps), General Radio 510C 
1,000-ohm (100-ohm steps), General Radio 510D 
Special 10,000-ohm potentiometer (1,000-ohm steps) 
Special voltage-divider resistor 

Bud Radio, Inc., power switches, sw-1269 

Centralab tap switches, 1461 

Yaxley tap switch, 1221 

80-mh chokes, Bud ch-1220 

Octal tube socket, Amphenol MIP-8 

Miniature tube sockets (for 1S5) 
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Table 3.4 — (Continued) 


Item 


Number 

of items Description 


2 Cable connectors, Amphenol MC2M and PC2F 

2 Cable connectors, Amphenol MC4M and PC4F 

3 Cable connectors, Amphenol 08M 

2 Cable connectors, Amphenol P08F 

2 11-position dial plates, Yaxley 

1 14 x 19 in. panel 

1 9 x 7 x 17 in. special chassis 

1 4 5 /e x 5 x 17 in. special shield 

3 22V2-45 volt B batteries, Burgess Battery Co. +30N 

3 22 V 2-45 volt B batteries, Eveready 486 

2 6-volt storage batteries 


grounded, the switch B, in the upper right-hand side of Fig. 3.10, is 
connected to the 3 position. With no ions falling on the mass-2 col¬ 
lector, the 10,000- and 100,000-ohm resistances in the plate circuit of 
the No. 959 tube are varied until the drop in the 15,000-ohm cathode 
resistor of the 6J5-GT tube is precisely equal to the potential of the 
45-volt battery. The exact balance point of the feedback amplifier is, 
however, not very critical. This will be discussed in detail below. 
After this preliminary adjustment has been made, the amplifying cir¬ 
cuits are ready for the measurement of ion current. 

The feedback amplifier works on a null principle. 16 ’ 19 The operation 
of the amplifier can best be explained by means of a block diagram. 
The diagram in Fig. 3.11 is a schematic representation of the circuit 
in Fig. 3.10. Consider first the lower part of Fig. 3.11. An ion cur¬ 
rent falling on the mass-2 collector gives rise to a voltage drop 
across the resistor R 3 . This voltage drop V DC has the magnitude 

v dc = iR, R 3 

where i^ represents the ion current falling on the mass-2 collector. 
Then if G is the voltage amplification of the feedback amplifier, by 
definition 


Vac - GV da 

From Fig. 3.11 it is obvious that 


Vda = Vdc _ Vac 
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MASS-3 



Fig 3.11 Schematic diagram of electrometer-tube amplifier and feedback amplifier 
illustrating principle of null method. P * 


and substituting for V DA and collecting terms 

V AC = 1 % V DC 

However, since G is quite large (about 1,000), then 


, V A c ^ Vjx: 

Examining the upper part of Fig. 3.11, it is seen that when 

current falls on the mass-3 collector plate, the voltage drop 
the resistor R, is ^ p 


an ion 
across 


V FB " 
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where i Rj represents the ion current falling on the mass-3 collector. 
If point B is made coincidental with A, the FP54 amplifier will func¬ 
tion independently of the feedback amplifier and will indicate the 
voltage drop V FB by the usual ‘‘straight-deflection” method. If, how¬ 
ever, point B is moved the proper distance up from A, the voltage 
drop V AB can be made precisely equal and opposite in sign to V FB . 
Then the galvanometer in the FP54 circuit will read zero, and the 
FP54 amplifier will act as a null instrument to indicate when V AB is 
equal to V FB . The feedback-amplifier output provides the voltage 
source for the potentiometer ABC, just as a dry cell would in a con¬ 
ventional potentiometer. There is, however, an important distinction 
in this case, namely, that the voltage V A c is, as was shown above, 
automatically proportional to the current falling on the mass-2 col¬ 
lector plate. Consequently, since the two ion-current intensities are 
affected equally by changes in gas pressure, unsteadiness of the elec¬ 
tron source, etc., the balance point B is independent of variations in 
the ion-current intensities. 

Obviously, the ratio of the number of mass-3 ions to the number 
of mass-2 ions is proportional to the respective currents, i.e., 

Mass 3 i Ri 

Mass 2 ij^ 

where mass 3 indicates the number of ions of that mass, etc. How¬ 
ever, 


^dc " *R,^3 

and 


Vfb = 

Substituting for the i’s gives 

Mass 3 _ V FB R 3 
Mass 2 Vjx: I*! 

But when the FP54 circuit is balanced 


V F b - V A b - ^ab 

V DC = V AC = iR A c 
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and therefore 


Mass 3 R 3 R ab (1) 

Mass 2 R, R ac 

The resistance R AC in Fig. 3.11 corresponds to the resistance of 
the decade plus R 4 plus the meter resistance in Fig. 3.10. The re¬ 
sistor R 4 is adjustable while the resistors R 3 and R I are fixed and 
are approximately 20,000 and 40,000 megohms, respectively. In set¬ 
ting up the spectrometer, the ratio 

^l^AC 

is so adjusted by varying R 4 that the decade reading R AB in ohms 
gives the ratio of mass 3/mass 2 in parts per hundred thousand. This 
may be made clearer by an example. If R 3 = 20,000 megohms and R t = 
40,000 megohms, then, neglecting the meter resistance (30 ohms), R 4 
is set equal to 39,000 ohms. The decade resistance, using “put-take” 
units, is 11,000 ohms. Therefore 

Mass 3 _ 1 R ab r ab 

Mass 2 2 50,000 ohms 100,000 ohms Ki} 

where R ab is the decade reading. If R AB reads 9,753.1 ohms, then 

Mass 3 _ 9,753.1 
Mass 2 ' 100,000 

In the circuit in Fig. 3.10, however, R AC is made up of the five 
decade resistances, R 4 , and the meter resistance, which may be neg¬ 
lected. Only the thousands units of the decade are put-take units. All 
of the units below the thousands are plain resistors. As may be seen 
from Fig. 3.10, in adjusting R u , i.e., in taking a reading, some of 
these small units are shorted out. In this case, if R,/R = y 2j then R 
is set equal to 40,000 ohms. Then R AC = 40,000 + 10,000 ohms (on 
highest decade) + r 2 + r 3 + r 4 + r 5 , where r 2 , r 3 , r 4 , and r 5 are the 
readmgs on the decade units less than thousands. Thus if a reading 
r ab = 9,753.1 ohms is obtained, the real mass ratio in this case is 

A 

Mass 3 = 1 9,753. 1 _ 9,608.4 
Mass 2 2 50,753.1 ~ 100,000 
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In other words the additional 753.1 ohms in the circuit resulted in 
a reading 1.5 per cent higher than the “true” ratio. This 1.5 per 
cent is usually, in the case of hydrogen, within the errors introduced 
by “memory,” the “pressure effect,” discrimination, etc. These 
sources of error are discussed later. It is apparent, however, that a 
correction can easily be made. Each 500 ohms in the hundreds posi¬ 
tion of the decade gives a reading 1 per cent too high, and a graph of 
correction vs. reading can be made without difficulty. Thus the use 
of put-take resistance units in the hundreds, etc., places is not war¬ 
ranted. There is, of course, no reason why such a circuit cannot be 
introduced whenever conditions justify the added expense. 

It is apparent from Fig. 3.10 that the output voltage V AC is the dif¬ 
ference between the 45 volts of the battery and the resistance drop 
in the 15,000-ohm resistor. Thus for no ion current arriving at the 
mass-2 collector, the resistors in the No. 959 plate circuit are ordi¬ 
narily adjusted so that V AC = 0. It is not, however, necessary that the 
feedback amplifier be balanced even approximately. This is true be¬ 
cause the FP54 amplifier is used entirely as a null instrument, with 
the zero reading being quite arbitrarily set while both ion beams are 
being swept aside in the ion source. To demonstrate the unimportance 
of the balance of the feedback amplifier, assume that the amplifier is 
in perfect balance (with no ions falling on the mass-2 collector, the 
output voltage V AC = 0). Now allow ions to strike the two collector 
plates and adjust B until the FP54 amplifier indicates a balance, 
V FA = 0 (Fig. 3.11). The true ratio of the ion currents is then given 
by reading the position of the point B. Let the ratio R A b/ r ac = x * or 
this condition. Then 


iR, R i - xV AC 



since 


and 


V FB = V AB 

V FB = iR^l 


VAB " xV AC 

I 

Next, assume that prior to measuring the ion-current ratio, the feed¬ 
back amplifier had not been balanced precisely. There would exist an 
output voltage V AC even before the ion struck the collectors. Now, 



ISOTOPIC ANALYSIS BY THE MASS SPECTROMETER 


95 


allowing the ions to come to the collector plates, the balance point B, 
which is that setting along AC (Fig. 3.11) at which shutting the ions 
on or off results in no change in the FP54 galvanometer reading, is 
once again found. If y = R A b/ r ac, the potential at point F may be 
written as 

*rKi -y(v AC + v AC ) 

When the ions are shut off, the potential at F is - yV Ac . Since the 
FP54 galvanometer indicates a balanced circuit, 

i Rl R i -y(v AC + VjJ c ) = -yvj c 

or 


R i = yv AC 


(4) 


But it was just seen that i R R l = xV AC . Therefore x = y, or, in other 
words, the ratio determination is independent of the feedback-ampli¬ 
fier balance. 

It should be apparent that the null method employed in the Nier II 
mass spectrometer is essentially the same as that used in the poten- 
tiometric measurement of thermal electromotive force. Therefore 
an indicating galvanometer such as the Leeds & Northrup type S 
Micromax Recorder can be attached to the spectrometer. As a mat¬ 
ter of fact, other modifications of the Nier mass spectrometer have 
been built with a Leeds & Northrup Micromax, a Leeds & Northrup 
Speedomax, or a Brown (The Brown Instrument Co.) Electronic Strip- 
chart Recorder attached. 19 Any unbalance of the galvanometer oper¬ 
ates the circular stide, which in turn adjusts point B until the balance 
is restored. A continuous record of the isotopic ratio at some point 
in a plant may be kept in this way. Under these conditions the use of 
put-take resistance units in the hundreds, etc., places in the decade 

AC may be warranted. The recorded reading would then be parts HD 
per 100,000 parts of H 2 . 

The amplifying circuits (Fig. 3.10) just discussed are those given 
by Nier, Stevens, and Rustad 16 to be used with the high-voltage sup¬ 
ply and electron-emission-regulator circuits shown in Fig. 3.7. The 
original liter n, however, as designed by Nier, Inghram, Stevens, and 
Rustad was operated with an electron emission of 1 ma, using the 
circuits shown in Fig. 3.9. Under these conditions, the H+ ion current 
was 2 x 10 10 amp instead of the 10 " 9 amp obtained with the 5-ma 
emission. The electrometer-tube amplifier and the feedback-ampli- 
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fier circuits were consequently somewhat different. These circuits 
are shown in Fig. 3.12, and the list of parts is given in Table 3.5. 
The Nier II instrument used at Columbia University operated at 5-ma 
emission and therefore used the high-voltage supply and emission- 
regulator circuits shown in Fig. 3.7. However, the amplifier circuits, 
except for a few changes, were similar to those in Fig. 3.12. The 
modified circuits, drawn by Schwab, 18 are shown in Fig. 3^13. 



Fig. 3.12—Electrometer-tube amplifier and feedback amplifier. 

Examination of the circuit diagrams in Figs. 3.10 and 3.11 shows 
that a signal which, on the input to the feedback amplifier, was posi¬ 
tive with respect to ground has been transformed to one which is 
negative with respect to ground. Since the internal resistance of the 
amplifier as seen by the output terminals is extremely low, a con¬ 
ventional voltmeter may be connected across these terminals to 
measure the output voltage. The 0 to 1 ma ammeter together with a 
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Table 3.5 — List of Parts for Amplifier Shown in Fig. 3.12 


Number 
Item of items 


Description 


Tubes 


Transformers 

Meters 

Condensers 


Resistors 


Miscellaneous 


1 GE FP54 and special housing 

1 959 and special housing 

2 1S5 

1 6J5GT 

1 T-19F81 

2 0-100 ma a-c, Triplett 321 

1 1 -200 ma a-c, Triplett 321 

1 0.02-pf 600-volt, paper 

4 0.1-pf 600-volt, paper 

1 3 x 10 10 ohm, IRC, MG-3 or FH-1 

1 2 x 10° ohm, IRC, FH-1 

1 4 x 10 10 ohm, IRC, MG-6 

1 100,000-ohm, General Radio 314A 

2 10,000-ohm, General Radio 314A 

2 50-ohm, General Radio 214A 

1 1,000-ohm, General Radio 314A 

1 150-ohm 20-watt 

2 2-megohm 1-watt 

1 10,000-ohm 10-watt 

1 30,000-ohm, IRC, WW-4 

2 10,000-ohm, IRC, WW-4 

1 5,000-ohm, IRC, WW-4 

1 3,000-ohm, IRC, WW-4 

1 6,000-ohm, IRC, WW-4 

1 2,000-ohm, IRC, WW-4 

1 1,000-ohm, IRC, WW-4 

1 500-ohm, IRC, WW-4 

1 250-ohm, IRC, WW-4 

1 200-ohm, IRC, WW-4 

1 50-ohm, IRC, WW-4 

1 1-ohm (0.1-ohm steps), General Radio 510A 

1 10-ohm (1-ohm steps), General Radio 510B 

1 100-ohm (10-ohm steps), General Radio 510C 

1 1,000-ohm (100-ohm steps), General Radio 510D 

1 Special voltage -divider resistor • 

2 Bud sw-1269 power switches 

2 Centralab 1461 tap switches 

2 Yaxley 1221 tap switches 

2 80-mh chokes, Bud ch-1220 

1 Octal tube socket, Amphenol MIP-8 

2 Miniature tube sockets (for IS5) 

2 Amphenol cable connectors, MC2M and PC2F 

2 Amphenol cable connectors, MC4M and PC4F 

3 Amphenol cable connectors, 08M 
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Table 3.5 — (Continued) 


Item 


Number 

of items Description 


2 

4 

1 

1 

1 

2 

2 

6 


Amphenol cable connectors, P08F 
Yaxley 11-position dial plates 
14 x 19 in. panel 
9x7 x 17 in. special chassis 
4V 2 x 5 x 17 in. special shield 

22.5- volt C batteries, Eveready 768 

7.5- volt C batteries, Eveready 773 

1.5- volt flashlight batteries, Eveready 950 


series resistance R 4 of approximately 40,000 ohms constitutes such a 
meter. Thus if a current of 10" 9 amp flows through the resistance R, 
(20,000 megohms), V ^ = V AC = 20 volts; the 0 to 1 ma ammeter will 
indicate 0.4 ma. The current amplification for this particular ar¬ 
rangement will be 0.0004/10" 9 = 4 x 10 5 . 

Figures 3.14a, b, c, and d give various views of the Nier II spec¬ 
trometer containing the tube shown in Fig. 3.4 and the circuits in 
Figs. 3.9 and 3.12. 

2 - 3 Hydrogen-isotope Analysis on th e Nier I Mass Spectrometer, 
(a) Resolution . As the accelerating voltage is varied, the energy of 
the ions, and therefore their velocity, is changed. This brings a dif¬ 
ferent part of the spectrum into focus on the collector plate, since, 
as has already been seen, the radii of curvature of the ions in the 
magnetic field are given by 

— = 4.82 x 10" 5 — 

e V 

If, therefore, the intensity of positive-ion current is plotted vs. the 
applied accelerating voltage, a mass spectrum is obtained. Such a 
mass spectrum is shown in Fig. 3.15. In this example, the valley 
between the two peaks reaches almost zero ion intensity; therefore 
the resolution of the peaks is good, and the instrument is operating 
properly. When the resolution is poor the valley does not reach zero. 
There may be many reasons for poor resolution, some of which are 
(1) improper alignment of the analyzer magnet, (2) improper focus¬ 
ing of the ion beam at the source, (3) pressure dispersion of the ion 
beam because of a gas pressure that is too high in the spectrometer 
tube, (4) too wide a slit in front of collector plate, and (5) an acceler¬ 
ating voltage that is too small. 
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Fig. 3.13 Electrometer-tube amplifier and feedback amplifier 
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Fig. 3.14a 


Nier II mass spectrometer. 
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Nier II mass spectrometer 


Fig. 3.14c 
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The ratio of the peak heights in Fig. 3.15 gives, except for “voltage 
effect,” etc. (see following), the ratio of the number of ions having the 
two masses, e.g., 


I 3 number of mass-3 ions 

— ac- 

I 2 number of mass-2 ions 

where I 3 = height of the mass-3 peak 
I 2 = height of the mass-2 peak 



Fig. 3.15—Resolution curve for hydrogen. 


In order to determine the ratio HD + /Hf,I 3 must be corrected by plot¬ 
ting I 3 vs. the pressure and extrapolating to zero pressure to find the 
current due to the HD + ion only. The reason for this was explained 
earlier in this chapter. Unfortunately, the Nier I mass spectrometer 
was not designed specifically for the analysis of the hydrogen iso¬ 
topes. Uncertainties arise owing mainly to the voltage effect (see fol¬ 
lowing) and also to the method of obtaining measurements of the mass 
3/mass 2 ratio. It is very difficult to determine the slope of the I 3 vs. 
pressure graph with sufficient accuracy to permit extrapolation to 
zero pressure with confidence. This may be seen by examining the 
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data in Fig. 3.16 obtained with the Nier I mass spectrometer. The 
sharp change in slope at the lower pressures is principally due to 
memory. This is discussed in Secs. 2.4d and 3.2b. Moreover, the 
presence of a foreign gas has a very marked effect on the slope, as 
may be seen from Fig. 3.17. Therefore it is necessary to correct for 
the ion by the use of calibration curves obtained at a given gas 
pressure in the spectrometer. 

(b) Calibration . Several methods were used to obtain such a cali¬ 
bration curve. Herrick and Kirshenbaum 20 obtained a curve by com- 



Fig. 3.16—Pressure vs. mass 3/mass 2 ratio; obtained with Nier I mass spec- 
trometer. D/H = 0.25 per cent; no foreign gas present. 


parison of spectrometer readings on a gas sample with interferome¬ 
ter analyses (Chap. 5, Sec. 3) on the water formed by burning another 
aliquot of the same gas sample over copper oxide. The preparation 
of the samples, the method of comparison, the errors involved in this 
work, and the complete data are discussed in Chap. 5. The pertinent 
results are summarized in Fig. 3.18. Another method of calibrating 
the Nier I mass spectrometer is that used by McClure and Herrick. 21 
They diluted deuterium gas (~98 per cent deuterium) quantitatively 
|ji|h tank hydrogen and, after equilibrating the mixtures over a hot 
^^ ^||i ament, used them for calibrating the Nier I. Their dilution 

is shown in Fig. 3.19. The calibration curve is given in 




106 PHYSICAL PROPERTIES AND ANALYSIS OF HEAVY WATER 

Fig. 3.20. The error in this calibration of the Nier I was estimated 
to be ±3 per cent. The calibration curves in Figs. 3.18 and 3.20should 
not be compared quantitatively since they do not refer to the same 
operating conditions. 



PRESSURE, CM Hg 


Fig. 3.17—Pressure vs. mass 3/mass 2 ratio; obtained with Nier I mass spectrom¬ 
eter. D/H = 1.8 per cent; cracked ammonia. 


(c) Operation . In the operation of the Nier I mass spectrometer on 
a routine basis the pressure of the sample of hydrogen behind the 
capillary leak (Sec. 2.Id) is adjusted to a definite value, depending 
upon the size of the leak. The minimum pressure that can be used 
with a given capillary has to be determined by experiment. The cali¬ 
bration curve in Fig. 3.20 was obtained with a pressure of 7 cm Hg 
behind thecapillary leak. After the gas is admitted into the spectrom¬ 
eter, the accelerating voltage is varied until the maximum of one of 
the peaks (Fig. 3.15) is reached. This peak is balanced out by means 
of a backing potential supplied by a Leeds & Northrup type K poten¬ 
tiometer. The process is then repeated for the second peak. The 
ratio of these two backing potentials, when corrected by the calibra¬ 
tion curve, gives the desired isotopic ratio. Owing to variations in 
background (see following) a reading on tank hydrogen or a standard 
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sample is usually made at the beginning of each day. 22 For more ac¬ 
curate work the standard or tank hydrogen is checked on the spec¬ 
trometer at closer intervals. The samples are analyzed in the order 
of increasing concentration of deuterium, in so far as possible. This 



!*?• 3 - 1 . 8 Calibration oi a Nier I mass spectrometer with the interferometer. Ordl- 

With ‘b 6 taterfer ° meter; aisCiSSa determined with the 


minimizes memory effects (see following). In certain cases it has 
been necessary to analyze cracked ammonia for the hydrogen-isotope 

dec^ rf 6 " “ ^ " eCeSSary22 t0 have a Pressure of 9 cm Hg 
decomposed ammonia behind a leak which required only 7 cm Ha of 

pure hydrogen. This higher pressure is needed because of th“ pres 
ence of the N 2 molecules. pres 
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(d) Voltage Effect . In the Nier I, as in many other spectrometers, 
the various ions are all collected individually on a single collector 
plate by proper adjustment of the accelerating voltage. The number 
of ions leaving the source is in part a function of the applied voltage, 
i.e., the higher the voltage, the more ions, on a relative basis, will be 



“pulled out” from the source. This, of course, is a second-order ef¬ 
fect, but in the case of the hydrogen isotopes there is a 50 per cent 
difference in the masses that form the 2 and 3 peaks. The two peaks 
will therefore impinge on the collector plate at voltages differing by 
about 50 per cent. Thus, even though the voltage effect may be small 
per volt, the difference in the applied potentials is sufficiently large 
to prevent high accuracy with the Nier I for hydrogen analysis and 
sufficiently large to require a calibration curve. In the case of the 
application of the Nier I to other isotopes of higher mass, the voltages 
required for any two isotopic ion beams do not differ greatly. There¬ 
fore the over-all voltage effect is small and in some cases negligible. 
This effect is again discussed later in this chapter. There are also 
many other second-order effects or discriminations, some of which 
will be considered briefly later in this chapter. These various dis¬ 
criminations, because they are of the second order, are usually small 
and may be corrected by a calibration curve. They are, however, of 
utmost importance in limiting the accuracy of determinations of ab¬ 
solute values of isotopic ratios. 

The Nier I mass spectrometer was used originally in the Columbia 
University laboratories for hydrogen analyses. It was subject to er- 
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rors of either ±0.02 or 3 per cent, whichever was greater. 22 For this 
and other similar reasons, Nier designed the instrument known as the 
“Nier II." A Nier I had been constructed by Rittenberg 23 for the 
Consolidated Mining & Smelting Company of Canada Ltd., at Trail, 



Fig. 3.20— Calibration curve for Nier I mass spectrometer. 


B. C. Later this spectrometer also was replaced by a Nier II. As a 
matter of interest it should be pointed out that the Nier I spectrom¬ 
eters are generally no longer used for hydrogen. This instrument 
is, however, used extensively with great success for gases of higher 
masses. Its application to the analysis of oxygen is discussed in 

tJ'* g y dr °g en -isotope Analy s is on the Ni er n Mass Spectrometer 
in The resolution of the peaks in the Nier H is obtained 

w a manner slightly different from that discussed in the previous 

tru ‘ "; S “ C f e two masses are collected simultaneously a spec- 

trum liice that shown in Fig. 3.15 cannot be obtained with the Nier n 

a. <.« raplffl , r «*d 

Of ti* FPS, through R„ Th, d«c»d, „,l stoles „« ijooM 
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Then the accelerating voltage is varied by means of the voltage di¬ 
vider in the upper-right-hand corner of Fig. 3.7, and the deflection of 
the galvanometer in the FP54 circuit is plotted as a function of the 
accelerating voltage. This gives the mass-3 peak. At the same time 



Fig. 3.21—Resolution curve; 0.00772 mole % HD/H 2 . 


the mass-2 peak is obtained by plotting the deflection of the 0 to 1 ma 
ammeter in the feedback circuit (Fig. 3.10) vs. the accelerating volt¬ 
age. Readings and zeros on both meters are taken simultaneously. 
Good resolution of the mass-2 and mass-3 peaks is shown by the 
curves in Fig. 3.21. These curves were obtained with hydrogen con¬ 
taining 0.00772 mole % HD/H 2 . The type of curve resulting from poor 
resolution with the Nier II mass spectrometer is shown in Fig. 3.22. 
The gas used was that containing 0.00772 mole % HD/H 2 . It should be 
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noted that, in the case of poor resolution, the mass-3 ion current in¬ 
tensity does not return to zero as the accelerating voltage is inr 
creased, while the mass-2 peak comes in much too quickly. In this 
particular case the poor resolution was due to the fact that the slits 



Fig. 3.22—Poor resolution curve; 0.00772 mole % HD/H,. 


in front of the collector plates were too wide. 

improved the resolution to that in Fig. 3.21. 
fully later. 


Narrowing these slits 
This is discussed more 


In some cases the resolution, although not perfect, may still be 
airly good. This situation is shown by the curves in Fig. 3.23 which 

W , ere ° btained with hydrogen gas containing 0.198 mole % HD/h It 
should be noted that the mass -3 ion intensity never quite goes back to 
zero. The valley height is 6 units as compared to a pesTheight of 
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43 units. This resolution can usually be improved by proper adjust¬ 
ment of the slits. Notice should also be taken of the fact that the two 
peaks in Fig. 3.23 do not focus at exactly the same accelerating volt¬ 
age. This can be corrected by adjusting the position of the collector 
plates and the slits in front of the plates. 



ACCELERATING VOLTAGE, ARBITRARY UNITS 
Fig. 3.23—Resolution curve; 0.198 mole % HD/H 2 . 

(b) Discriminations and Other Sources of Error . The use of two 
collector plates in the Nier II minimizes the voltage effect discussed 
previously (Sec. 2.3d) since both ions are collected simultaneously 
at the same voltage. This instrument is freer from systematic dis¬ 
criminations than is the Nier I. There still remain, however, various 
minor sources of discrimination. Only two or three of the more ob 
vious ones will be discussed here. The hydrogen gas enters the spec- 
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trometer tube via a capillary leak and leaves via a diffusion pump. 
At each point partial separation of the isotopes occurs during the dif¬ 
fusion process. Fortunately both effects are generally small and are 
in opposite directions. Another source of uncertainty in absolute 
measurements arises from the fact that, after passing through the 
magnetic field, the two beams do not travel identical paths (Figs. 3.4 
and 3.5). This can result in several small effects. Also, one of the 
beams may be dispersed in the magnetic field a little more than the 
other, thus introducing an error in the absolute value of the iso¬ 
topic ratio. 



Fig. 3.24—Discrimination vs. source-plate voltages, o, ion repeller; A, focusing 
plate; □, focusing plate. 


According to Nier, Stevens, and Rustad, 16 one of the greatest 
sources of error can arise from an improper setting of the various 
focusing plates in the ion source. This is not surprising, since an 
ion beam will not pass through the defining slits symmetrically if the 
focusing plates are not properly adjusted. Then, since the mass-2 
ions and mass-3 ions have slightly different trajectories even in the 
source, the source will act as a spectrometer itself, and there will 
be a selection even before the ions enter the analyzer. For a given 
setting of the focusing plates, the error can be reduced by focusing 
the mass spectrometer to maximum ion intensity. This minimizes 
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the cutting off of ion beams in passage through the slits and in turn 
minimizes the resulting discrimination. This effect is demonstrated 
by the data in Fig. 3.24. The two collector plates were tied together, 
and the ion-accelerating voltage was changed so that the H+ ions hit 
first one collector and then the other. The ratio of the collector cur¬ 
rents is shown as a function of the potentials of plates 3, 6, and 8 of 
Fig. 3.5. The abscissa in Fig. 3.24 is given in arbitrary dial units 



PRESSURE AS MEASURED BY Hj INTENSITY, MA 

Fig. 3.25—Mass 3/mass 2 ratio vs. intensity for several values of ion-repelling 
voltage. Total electron emission, 5 ma. Abscissa values were read on feedback-ampli¬ 
fier meter. 


corresponding to the readings on the dials for the potentiometers that 
controlled the voltages on plates 3, 6, and 8 (Fig. 3.7). For plate 3 
(the ion-repelling voltage) the 0 to 100 dial units correspond to 0 to 
10 volts. For the focusing plates (plates 6 and 8) the 0 to 100 dial 
units correspond to approximately the upper one-seventh of the entire 
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accelerating -voltage range. The dial settings for this particular tube 
for best operation, as shown in Fig. 3.24, are (1) ion repeller, 63, (2) 
focusing plate designated as A, 68, and (3) focusing plate designated 
as □, 61. These correspond to the highest ion intensities. The dial 
settings are near the maximum in the case of the accelerating-volt¬ 
age curves and near the minimum for the ion-repelling—voltage 
curve. 

The effect of the ion-repelling voltage (plate 3) on the pressure ef¬ 
fect is extremely interesting, as may be seen from the data in Fig. 
3.25. Although these data were obtained with the original complex 
source shown in Fig. 3.4, the effect is quite similar to that obtained 
with the simpler sources of the type shown in Fig. 3.5. The experi¬ 
mental evidence indicates that a low ion-repelling voltage favors the 
formation of Hj ions. It would therefore seem advisable to use a high 
ion-repelling voltage. Nevertheless, it is found in practice that as the 
ion-repelling voltage is increased, the total ion intensity reaches a 
maximum and then decreases rapidly. Thus, in order to maintain a 
given ion intensity, the pressure of hydrogen in the spectrometer has 
to be increased as the ion-repelling voltage is increased. This in¬ 
crease in hydrogen pressure results, in turn, in an increased Hg ion 
concentration. The result is that the slope of the pressure curve, con¬ 
sidered as a function of the ion-repelling voltage, passes through a 
minimum. The best results with the Nier n mass spectrometer are 
obtained with ion-repelling voltages large enough to give a minimum 
slope. The redesigned Nier n tubes (Fig. 3.5) should be operated with 
ion-repelling voltages of at least 5 volts. 

There is another possible source of serious error in the Nier n 
mass spectrometer. Since the mass-3 and mass-2 ions are measured 
on different amplifiers, their abundance ratio can be known to no 
higher accuracy than that of the resistor ratio Hs/Rj. This ratio is 
checked directly in the mass spectrometer by the use of the H+ ions 
formed from the residual H 2 molecules in the spectrometer tube.* In 
measuring the resistor-to-grid ratin, the residual ions in the tube 
are permitted to fall on the mass-3 collector, and the deflection of the 
galvanometer of the FP54 circuit is noted, that is, the voltage drop 
across the resistor R A is measured. Then this same ion current is 
allowed to fall on the mass-2 collector, and the resulting voltage drop 
across the resistor R s is transferred directly to the grid of the FP54 
amplifier by setting the output switch B (Fig. 3.10) at position 3. The 
deflection of the galvanometer in the FP54 circuit is again noted. The 

» 

*A mass spectrometer has a background of H, molecules. In certain cases this 
residual-gas pressure can be kept constant, thus giving a constant source of H+ ions. 
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ratio of the deflections gives the resistor ratio, except for a correc¬ 
tion. It will be recalled that it is under these experimental conditions 
that the voltage effect may become important. A check to see whether 
the current hitting the two collectors is really the same may be made 
by tying the collectors together and measuring the current ratio as 
was done in obtaining the data for Fig. 3.24. This gives the magnitude 
of the voltage effect, and a correction can then be made to the resis¬ 
tor ratio, as determined by the above process. In the newest spec¬ 
trometer tubes, this connection of the two collector plates can be 
made by bringing a small magnet near one of the collectors. The 
magnet attracts a small steel wire attached to the other collector, 
and, as long as the magnet is held in place, the two collectors are in 
electrical contact. 

(c) Operation . In the analysis of hydrogen on the Nier II instru¬ 
ment, as in other mass spectrometers, the mass-3 peak contains a 
number of Hj ions, and the concentration of these ions varies as the 
square of the gas pressure in the spectrometer tube. It is necessary, 
therefore, to obtain a pressure curve in order to correct for the H 3 
ions. As was shown at the beginning of this chapter, the function to be 
plotted is 


~ = a* + b 4 P 

where I 3 = mass-3 ion current intensity 
p = pressure 

Now the H 2 ion intensity is very nearly proportional to the pressure 
at the reduced pressures within the mass-spectrometer tube. There¬ 
fore I 3 /l 2 (or mass 3/mass 2) vs. H 2 ion intensity may be plotted. 
The ion intensity is obtained from the ammeter in the feedback- 
amplifier circuit. This method of plotting was used for Fig. 3.25. The 
effect of a 20 per cent air impurity in a sample upon this pressure 
curve may be seen from the date in Fig. 3.26. Although the intercept 
does not appear to have been affected by the presence of the air, the 
slope of the curve definitely has been changed. It is clear, therefore, 
that if it is intended to make all determinations at one pressure only 
and compare the results, care must be taken that the sample be pure. 
This is, of course, also true for the Nier I instrument. The effect of 
nitrogen as an impurity on the pressure curve for the Nier II is seen 
in Fig. 3.27. These graphs should be compared with the equivalent 

ones (Figs. 3.16 and 3.17) for the Nier I. 

The effect of operating the spectrometer at different electron-beam 
intensities is shown in Fig. 3.28. The abscissa gives the pressure 
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PRESSURE AS MEASURED BY h£ INTENSITY, /llA 

Fig. 3.26—Mass 3/mass 2 ratio vs. intensity for a mixture of H 2 with air? •, 20 

per cent air, 80 per cent H 2 ; o, 100 per cent H 2 . Abscissa values were read on feed¬ 
back-amplifier meter. 



PRESSURE AS MEASURED BY Hj INTENSITY, /±A 


**?■ , 3 -* 7 ~ M “ S 3/mass 2 rati ° vs. Hj Intensity for mixtures of H. with N o 60 
per cent N a , 40 per cent H,; ®, 26 per cent N,, 74 per cent H • • n «o*. 

per cent H*. Abscissa values were read on feedback-amplifier meter/ *** N#> 10 ° 
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of the feedback amplifier directly in terms of the H+ ion intensity in 
microamperes only in the case of the 1-ma emission curve. The 
actual microampere values for the other two curves have been multi¬ 
plied by suitable constants so that the three sets of data can be com¬ 
pared directly on the same pressure scale. Notice should be taken of 
the good agreement among the three curves. 

It is well known that, if the HD content in a sample of hydrogen 
flowing into a spectrometer is changed, there will be a certain mem¬ 
ory effect and the spectrometer will not give the correct HD abun¬ 
dance immediately. This memory effect is discussed in Sec. 3.2b. 



Fig. 3.28—Mass 3/mass 2 ratio vs. intensity at various total electron emissions. 
O, 0.75 ma; ©, 0.50 ma; •, 1.00 ma. Abscissa values were read on feedback-ampli¬ 
fier meter. 


It is because of this memory and because of the various second- 
order effects, such as discriminations, that the Nier II mass spec¬ 
trometer is not used as an absolute instrument for ordinary opera¬ 
tions. Samples are usually compared to standards of known or fixed 
deuterium content. 

To see how this comparison is made, it is advisable to examine 
typical analytical procedures. The first choice will be analysis of a 
sample of gas containing about 0.0144 mole % deuterium. The stand- 
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ard used in this case was a gas sample prepared from Columbia Uni¬ 
versity distilled water by the zinc method (Chap. 4). This standard 
contained 0.0147 mole % deuterium. 24 In the analysis the standard 
gas sample was placed behind the leak, and the pressure of the gas 
was varied by means of a hand Toepler pump. The gas sample entered 
the spectrometer tube via a solid-carbon dioxide trap which re¬ 
moved any water vapor that might have been present in the gas. The 
mass 3/mass 2 ratio in decade units (ohms) was recorded at each 
pressure. These data were then plotted as a function of the corre¬ 
sponding pressures, expressed as microamperes on the feedback- 
amplifier meter. Then the standard sample was pumped out, an ali¬ 
quot of the unknown sample was placed behind the leak, and the above 



Fig. 3.29—Analysis of gas sample containing 0.0144 per cent deuterium. ©, standard, 
first set of readings; <d, standard, second set of readings; •, standard, third set o* 
readings; ©, unknown, first set of readings; o, unknown, second set of readings. Ab¬ 
scissa values were read on feedback-amplifier meter. Decade reading is proportional 
to (mass 3/mass 2) x 10*. 


procedure was repeated. The standard sample was then reanalyzed, 
the unknown was reanalyzed, and finally another aliquot of the stand¬ 
ard was analyzed. Thus the unknown sample was analyzed twice both 
times being bracketed by the standard sample. The data are shown 
graphically in Fig. 3.29; the results are summarized in Table 3.6. 
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Table 3.6—Analysis of Hydrogen Sample Containing about 0.0144 Mole % Deuterium 


Sample 

§ 

Intercept 

Average intercept 
for standard 

D in unknown, 
mole % 

Standard, 1st set of readings 
Unknown, 1st set of readings 

53.0 

52.6 


53.6 

0.0143 + 

Standard, 2d set of readings 
Standard, 2d set of readings 
Unknown, 2d set of readings 

54.2. 

54.21 

53.3 


54.2 

0.0144" 

Standard, 3d set of readings 

Average 

54.2 



0.0143 5 


The mole per cent deuterium in the unknown was calculated from the 
formula* 


„ . . intercept of unknown 

Mole per cent D in unknown = - --—---- 

mtercept of standard 

x mole per cent D in standard (5) 

As a second example of the use of the Nier II instrument, it may be 
well to examine the analysis of a gas sample with a deuterium con¬ 
tent below normal (Chap. 6).t Standard gas samples were prepared 
by the equilibration method (Chap. 4), using the following waters: S 
water (distilled water), deuterium-free water (water containing 0.001 
mole % deuterium), A water (7.50 ml of S water plus 2.50 ml of 
deuterium-free water), and B water (6.65 ml of S water plus 3.35 ml 
of deuterium-free water). The concentrations of deuterium in these 
various standard waters and in the equilibrated gases are given in 
the following table. 


Standard water 
samples 

Mole % D in water 

Mole % HD/H 2 in gas 

S 

0.0146 

0.00756 

A 

0.0112 

0.00581 

B 

0.0100 

0.00519 

*This formula assumes 

that the deuterium content of 

the standard sample is close 


to that of the unknown. 

tThe data for this example were taken from a report by Inghram and Chase. 25 The 
previous example was taken from the work of Kirshenbaum, Graff, and Forstat on the 
normal content of deuterium in natural waters. Most of the other data in this chapter 
were taken, unless noted otherwise, from the various reports by Nier, Inghram, 
Stevens, and Rustad. 
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The unknown gas sample was then compared to these standards by 
obtaining pressure curves and correlating the intercepts. The data 
are summarized in graphic form in Figs. 3.30 and 3.31. As before, 
the deuterium content of the unknown sample was found by the formula 


Mole per cent 


HD 

d 2 


intercept of unknown 
intercept of standard 



mole per cent 


HD 

h 2 


in standard 


The results are summarized in Table 3.7. In this case, instead of 
comparing the intercept obtained with an aliquot of the unknown gas 



Fig. 3.30—Pressure curves. Curve 1, S aliquot 1 (o). Curve 2, S aliquot 2 ( + ). Curve 

3, S aliquot 3 (□). Curve 4, unknown 1 (o). Curve 5, unknown 2 (□). Curve 6, unknown 
3 ( + ). 


to the intercepts of only the two standards analyzed just before and 
after the unknown was analyzed, the intercepts of aU of the gas sam¬ 
ples analyzed during a given period of time were compared. This 
latter method of comparing all intercepts has no advantage over the 
comparison of only three intercepts at a time, because the final an- 
sjyer is obtained by getting the mean of aU results. The latter method 
must, moreover, be used with care since the mass spectrometer must 
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operate in a constant manner throughout the entire period used for the 
comparison of intercepts. The shorter this period is, i.e., the fewer 
the intercepts compared, the more constant is the operation of the 
instrument likely to be. 



Fig. 3.31—Pressure curves. Curve 1', S aliquot 4. Curve 2', S aliquot 5. Curve 3 , 
unknown aliquot 4. Curve 4, unknown aliquot 5. Curve 5', A. Curve 6', B. 


A close examination of the data in Tables 3.6 and 3.7 shows that the 
average deviation of the mean of any set of analysis values is ±2 per 
cent or less. The mean values for several sets agree to much better 
than 2 percent and are approximately 0.5 per cent. In general the re¬ 
producibility and accuracy of the Nier II instrument, when using 
standards for comparison, is better than ±5 per cent. This estimate 
is conservative. By exercising care and taking many readings a pre¬ 
cision of 1 or 2 per cent can be attained without too much difficulty. 
This may be seen from the data in Table 3.8. In obtaining the data 
for this table, Kirshenbaum, Graff, and Forstat 24 compared a given 
sample to the same standard over a period of days and sometimes 
weeks. A comparison of the ratio of the intercepts of standard and 
sample indicates the reproducibility of the Nier II instrument on a 
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relative basis. Sample H-243 has the largest uncertainty of any of 
the samples encountered by Kirshenbaum et al. in their studies. Even 
in this case, the deviation of any reading from the mean is only ±5 


Table 3.7—Analysis of Unknowns 


Aliquot of 

Standard 

Observed HD/H^ 

unknown* 

water 

mole % 

1 

S, aliquot 1 

0.00660 


S, aliquot 2 

0.00653 


S, aliquot 3 

0.00656 

2 

S, aliquot 1 

0.00660 


S, aliquot 2 

0.00653 


S, aliquot 3 

0.00656 

3 

S, aliquot 1 

0.00660 


S, aliquot 2 

0.00653 


S, aliquot 3 

0.00656 


Av. 

0.00656 ± 0.00002 

4 

S, aliquot 4 

0.00645 


S, aliquot 5 

0.00666 


A 

0.00691 


B 

0.00661 

5 

S, aliquot 4 

0.00639 


S, aliquot 5 

0.00658 


A 

0.00684 


B 

0.00655 


Av. 

0.00662 ± 0.00014 


Av. over-all 0.00659 ±0.00003 


* Aliquots 1, 2, and 3 were anlayzed on Sept. 28, 
1943; aliquots 4 and 5 were analyzed the following 
day. 


per cent. It should be pointed out that in these experiments the mem¬ 
ory effect discussed in the next section was at a definite minimum, 
and conditions were optimum for precision work. Thus in the normal 
range (~0.015 mole % deuterium), the errors for relative analyses 
are (1) for routine analyses, ±0.0007 5 mole % deuterium and (2) for 
precision analysis, ±0.0003 mole % deuterium. Again it should be 
stated that the precision type of analysis requires that the memory 
effect be at a minimum. 

The precision of the mass spectrometer in other deuterium con¬ 
centration ranges was studied by Voskuyl. 37 He submitted duplicate 
samples to the mass spectrometer for analysis over a period of seven 
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weeks. These samples were analyzed on a routine basis. The analyst 

was usually unaware that duplicate samples were being submitted 

Typical results are summarized in Table 3.9. These data are sum¬ 
marized in Table 3.10. 


Table 3.8—Reproducibility of Nier II Instrument 


Sample 

No. 

Date 

analyzed 

H-279 

7-27-44 

7-27-44 

7-28-44 

H-231 

5- 17-44 

6- 10-44 
6-15-44 
6-17-44 

H-240 

5- 18-44 

6- 9-44 
6-19-44 

H-296 

8-8-44 

8-9-44 

8-19-44 

8-21-44 

H-263 

6-17-44 

6-19-44 

6-20-44 

H-243 

5- 26-44 

6- 2-44 
6-2-44 
6-8-44 


Intercept in 
decade readings 


Standard 

Sample 

14.7 # 

14.2 

14.8 

14.3 

11.6 

10.9 

9.0 

9.2 

10.6 

11.0 

10.3 

10.8 

11.2 

11.6 

9.1 

8.4 

9.0 

8.6 

10.4, 

9.8 

14.0 

13.3 

13.0 

12.3 

13.8, 

13.2, 

13.3, 

12.7 

11.6 

11.1 

10.4 

9.8 

10.4 

9.9, 

10.6 

9.9 0 

7.8 

8.0 

8.2 

8.2 

10.5 

10.0 


Ratio, 

intercept of sample 
intercept of standard 

0.96 

0.97 

0.94 

1.02 

1.04 

1.05 

1.04 

0.92 

0.96 

0.94 

0.95 

0.95 

0.96 

0.95 

0.96 

0.94 

0.96 

0.93 

1.03 

1.00 

0.95 


Average 


0.96 ± 0.01 


1.04 ± 0.01 


0.94 ±0.01 


0.95 ±0.00 


0.95 ± 0.01 


0.98 ± 0.04 


The accuracy of the Nier II mass spectrometer on an absolute 
basis* cannot be stated without many qualifications. Under most fa¬ 
vorable circumstances it may be possible to calibrate the resistors 
R 3 and R, and to reduce the discrimination so that the instrument will 
give absolute readings within 10 per cent and possibly 5 per cent. 
Table 3.11 gives the analyses of three standard samples under a 
variety of conditions, including effectively three different tubes. The 


‘This is the accuracy of analyses without use of standards or calibration curves. 



Table 3.9—Check Samples Submitted to the Spectrometer 


Date Observed HD, 

analyzed mole % 

Sample 5 


6-16-43 

0.40 

6-16-43 

0.40 

6-18-43 

0.42 

6-18-43 

0.41 

6-21-43 

0.43 

6-21-43 

0.43 

6-25-43 

0.41 

Average 0.41 

± 0.01 

Error, % 

+ 2.5 

Sample 6 

6-16-43 

0.26 

6-16-43 

0.25 

6-25-43 

0.26 

6-29-43 

0.27 

7-10-43 

0.28 

7-12-43 

0.28 

7-17-43 

0.28 

7-17-43 

0.28 

7-17-43 

0.28 

7-23-43 

0.28 

7-23-43 

0.27 

7-30-43 

0.27 

7-30-43 

0.27 

Average 0.27 

± 0.008 

Error, % 

±3.0 

Sample 7 

6-17-43 

0.14 

6-29-43 

0.15 

6-30-43 

0.15 

7-7-43 

0.14 

7-9-43 

0.14 

7-12-43 

0.15 

7-13-43 

0.15 

7-16-43 

0.15 

7-17-43 

0.16 

7-23-43 

0.16 

7-23-43 

0.15 

7-30-43 

0.15 

7-30-43 

0.15 

Average 0.15 ± 0.004 

Error, % 

±2.7 

Sample 8 

6-14-43 

0.50 

6-14-43 

0.50 

6-17-43 

0.46 

6-21-43 

0.51 

6-21-43 

0.51 

6-24-43 

0.47 


Date Observed HD, 

analyzed mole % 

Sample 8 — (Continued) 


6-24-43 

0.47 

7-15-43 

0.48 

7-15-43 

0.49 

7-23 -43 

0.51 

7-23-43 

0.50 

Average 0.49 

± 0.015 

Error, % 

±3.1 

Sample 9 

6-19-43 

0.22 

6-19-43 

0.22 

6-29-43 

0.23 

6-30-43 

0.22 

7-7-43 

0.23 

7-9-43 

0.23 

7-13-43 

0.23 

7-15-43 

0.23 

7-23-43 

0.23 

7-23-43 

0.23 

7-30-43 

0.23 

7-30-43 

0.23 

Average 0.23 

± 0.0025 

Error, % 

±1.1 

Sample 26 

7-24-43 

2.50 

7-29-43 

2.40 

Average 2.45 ± 0.05 

Error, % 

±2.0 

Sample 34 

7-15-43 

0.54 

7-15-43 

0.52 

7-15-43 

0.53 

7-17-43 

0.54 

7-17-43 

0.54 

7-17-43 

0.55 

7-19-43 

0.54 

7-19-43 

0.54 

7-19-43 

0.52 

7-19-43 

0.52 

7-19-43 

0.53 

7-21-43 

0.55 

7-21-43 

0.55 

7-22-43 

0.54 

7-23-43 

0.54 

7-26-43 

0.53 

7-26-43 

0.54 


125 


Average 0.54 ± 0.007 
Error, % ±1.3 
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deuterium contents of the standard samples were known by Nier 
Stevens, and Rustad 16 to within 3 per cent. The errors shown in the 
table are for the spectrometers used on an absolute basis. On a rela¬ 
tive basis, as has just been seen, the errors are much smaller. 

The accuracy of the Nier II mass spectrometer was also checked 
at Columbia University, 37 using standards to calibrate the machine. 


Table 3.10 — Summary of Results 


Sample 

No. of 

Average deviation,* 

Maximum deviation,t 

No. 

analyses 

% 

% 

5 

7 

±2.5 

±4.9 

6 

13 

±3.0 

±7.4 

7 

13 

±2.7 

±6.7 

8 

11 

±3.1 

±6.1 

9 

12 

±1.1 

±4.4 

26 

2 

±2.0 

±4.1 

34 

17 

±1.3 

±3.7 

* . 


Td 



2 d 

"Average deviation in per cent =- x 100, where d is the deviation of 

nm 

any reading from the mean m and n is the number of analyses. 


tMaxlmum deviation in per cent = ^ maxing} x 100 

m 


Water samples prepared by dilution and analyzed by the float and fall¬ 
ing-drop methods (Chap. 5) were equilibrated with hydrogen (Chap. 4). 
These hydrogen samples were used as standards for calibrating the 
mass spectrometer. Secondary gas standards were then prepared by 
dilution. The starting gas contained more than 99 mole % deuterium. 
This was mixed quantitatively with tank hydrogen in a special dilution 
apparatus. The dilutions were made with an accuracy of 1 to 2 per 
cent. The gas mixtures were equilibrated (H 2 + D 2 ~ 2HD) on a hot 
filament in order to assure equilibrium among the three isotopic 
species and were then analyzed on the mass spectrometer. The re¬ 
sults are given in Table 3.12. The average deviation was 3.4 per cent. 

(d) Memory. The mass spectrometer exhibits a memory effect. 
This may be seen from the pressure curves in Figs. 3.32 and 3.33. 
In obtaining the data for Fig. 3.32, the spectrometer-tube filament 
was on continuously but the tube itself was not heated or baked. The 
tube was first continuously exposed to hydrogen gas containing 2.69 
per cent D/H (2.62 mole % deuterium) for 21.5 hr before measure¬ 
ments on tank hydrogen were started. It should be noted that even 
after 21 hr the spectrometer was still not reading correctly. Figure 
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3.33 illustrates the effect on the analysis of a sample high in deute¬ 
rium content due to the memory of a normal sample. Similar data 
are shown graphically in Fig. 3.34. In this instance 0.4 per cent HD 
gas was allowed to flow through the mass-spectrometer tube for 20 


Table 3.11 —Accuracy of Absolute Measurements on Heavy Samples 

under Various Conditions* 

Error from standard.t % 

Expt. 


No. 

Apparatus 

Date 

1 

2 

3 

’ Remarks 

1 1 

H-3 

Simple source 

1-13-43 

-10.6 

-13.2 

-11.9 

Resistor ratio = 2.58; 
samples in appara¬ 
tus 15-30 min each 

2 

H-4 

Complex source 

1-25-43 

-3.7 

-3.8 

-6.0 

# 

Resistor ratio = 2.53 

3 

H-4 

Simple source 

1-27-43 

+ 7.3 

+4.2 

+5.4 

Resistor ratio = 1.92; 
focusing conditions 
such that both mass 
2 and 3 are at max¬ 
imum intensity 

4 

H-4 

Simple source 

1-28-43 

+2.8 

+1.9 

+4.3 

Resistor ratio = 1.92; 
heavy samples had 
been in apparatus 
several hours pre¬ 
vious to these ex¬ 
periments 

5 

H-4 

Simple source 

1-31-43 

+8.0 

+5.7 

+6.2 

Resistor ratio = 1.92; 
electron magnet 
removed 

6 

H-4 

Simple source 

1-31-43 

+6.5 

+5.2 

+3.8 

Resistor ratio = 1.92; 
final test on H-4 

*In all experiments, 

except 1 and 

5, samples were 

in the apparatus only for the 


length of time of the analysis (about 5 min). 

tStandard 1 = 0.727 per cent D/ll. Standard 2 = 1.06 per cent D/H. Standard 3 = 2.77 
per cent D/H. 


hr. This was followed by a tank sample for less than 30 min, and then 
the 0.2 per cent HD sample was added. The memory effect due to 
the tank sample is apparent. The data In Fig. 3.35 show that the in¬ 
troduction, for a short time only, of a sample having a high deuterium 
content does not have a marked effect on the readings when a sample 
of normal deuterium content is again Introduced into the machine 
In all these graphs the effect of memory on the curvature is quite 
striking. If the memory is due to a low-deuterium-content sample 
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the curvature is downward, but if the memory arises from a sample 
with a high deuterium content, the curvature is upward as the pres¬ 
sure is decreased. 

The effect upon the memory effect of flushing the mass-spectrom¬ 
eter tube with hydrogen gas at various pressures behind the capillary 
leak has also been studied. The results are summarized graphically 


Table 3.12—Accuracy of Spectrometer 



HD, mole % 


Deviation 
from standard 


Spectrometer 

Spectrometer 

Standard 

analysis 1 

analysis 2 

value, % 

0.173 

0.182 

0.18 

+ 5.1 

0.190 

0.200 

0.20 

+ 5.2 

0.201 

0.204 

0.20 

+ 0.5 

0.203 

0.210 

0.2 

+ 6.0 

0.300 

0.292 

0.29 

-3.0 

0.323 

0.324 

0.34 

+ 3.4 

0.385 

0.396 


+ 2.8 

0.401 

0.408 

0.39 

-0.5 

0.466 

0.486 

0.48 

+ 3.6 

0.587 

0.604 

0.62 

+ 4.3 

Av. 3.4 


in Figs. 3.36, 3.37, and 3.38. In obtaining these data the mass spec¬ 
trometer had been exposed to gas containing 2.69 per cent D/H for 
only 2 hr. The subsequent treatment called for flushing the tube with 
hydrogen at different pressures. In Fig. 3.36 the hydrogen pressure 
behind the capillary leak was 8 cm Hg, which was normal operating 
pressure for this particular capillary leak. In Fig. 3.37 the hydrogen 
was allowed to flow through the tube under a pressure of 76 cm Hg 
behind the leak. In Fig. 3.38 the apparatus was continuously pumped 
behind the leak except when pressure curves were being determined. 
It is clear that flushing at the maximum possible pressure is desir¬ 
able. In Fig. 3.37 a change occurred in the instrument which shifted 
all the curves slightly in respect to the original tank-hydrogen curve. 
This, however, did not change any of the conclusions reached. 

From a consideration of data similar to that shown in Fig. 3.33, 
Nier, Stevens, and Rustad 16 concluded that the memory effect is due 
principally to a release of hydrogen from the walls of the spectrom¬ 
eter. This release, according to Nier and coworkers, must be an 
exchange phenomenon, since it occurs only when the new gas is intro¬ 
duced into the tube. It is therefore desirable to operate the Nier II 
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mass spectrometer at a sufficiently high hydrogen pressure to mini¬ 
mize dilution or memory effects, which become very pronounced at 
low pressures.* 



Fig. 3.32—Mass 3/mass 2 ratio vs. H£ intensity for tank hydrogen after 2.69 per cent 
D/U. hydrogen under standard operating conditions (8 cm Hg pressure behind leak) had 
been in apparatus continuously from 2:50 P.M., Jan. 7, 1943 to 12:15 P.M., Jan. 8,1943. 
After removing heavy hydrogen, tank hydrogen under standard operating conditions was 
allowed to flush apparatus continuously for course of experiment. ©, 12:20 P.M. Jan. 
8, 1943; ©, 1:55 P.M., Jan. 8, 1943; 0 , 3:20 P.M., Jan. 8, 1943; ©, 4:12 P.M., J^n. 8 
1943; <J, 5:45 P.M., Jan. 8, 1943; O, 9:45 A.M., Jan. 9, 1943; •, 2:00 P.M., Jan. 6^ 

1943 (original curve for tank hydrogen). Abscissa values were read on feedback - 
amplifier meter. 


The data in Figs. 3.33, 3.34, and 3.35 were obtained with the com¬ 
plex Nier n source shown in Fig. 3.4. The data in Figs. 3.32, 3.36, 
3.37, and 3.38 were obtained with the simple revised source shown 


*It is for this reason that only the experimental points obtained at the higher pres¬ 
sures are used to draw a pressure curve (see Fig. 3.29). 
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in Fig. 3.5. It is obvious that the effect of memory is the same for 
both sources. Moreover, the revised mass-spectrometer tube (Fig. 
3.5) contains no copper, whereas the tube with the complex source 
contained copper parts. Therefore the removal of the copper did not 
reduce the memory effect. 



Fig. 3.33 —Mass 3/mass 2 ratio vs. intensity for a sample labeled 0.5 percent HD 
(no heavy sample previously run for more than negligible time). •, 8:10 P.M., Sept. 
16; O, 5:05 P.M., Sept. 16; 3, 4:05 P.M., Sept. 16; ©, 3:45 P.M., Sept. 16. Abscissa 
values were read on feedback-amplifier meter. 


3. NIER MASS SPECTROMETER FOR DEUTERIUM GAS 

3.1 Instrument. The routine analysis of deuterium gas can be 
made by means of a mass spectrometer similar to the Nier II, the 
only major change in design being that the two collectors are placed 
so as to collect masses 3 and 4 (HD + and Dj) simultaneously, instead 
of collecting masses 2 and 3 (Hj and HD + ). The slits in front of the 
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Fig. 3.34—Mass 3/mass 2 ratio vs. intensity for a sample of 0.2 per cent HD gas 
after a sample of 0.4 per cent HD gas had flowed through the spectrometer for 20 hr. 
#, 1:00 P.M., Sept. 17; o, 11:45 A.M., Sept. 17. Abscissa values were read on feed¬ 
back-amplifier meter. 



Fig. 3.35 Mass 3/mass 2 ratio vs. H+ intensity for tank hydrogen before and after 
a sample with 40 times the HD content was put into the spectrometer for 10 min o 

ssiasssr sjter; •* 15 mta iater - Atscissa ^ ™ re — «„ 
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collector plates are a little narrower than those in the Nier II (2/3) 
instrument, 19 and since the percentage mass separation is less for 
the masses 3 and 4 than for the masses 2 and 3, the collector plates 
and their corresponding slits are closer together. The positions of 
the collector plates are reversed so that the 959 feedback amplifier 
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Fig. 3.36 —Mass 3/mass 2 ratio vs. intensity for tank hydrogen after 2.69 per cent 
D/H hydrogen under standard operating conditions had been in apparatus continuously 
from 11:13 A.M. to 1:15 P.M., Jan. 9, 1943. Afterwards, tank hydrogen under standard 
operating conditions flushed through the apparatus continuously for course of experi¬ 
ment. ©, 1:20 P.M., Jan. 9, 1943; ©, 1:50 P.M., Jan. 9, 1943; ©, 2:50 P.M., Jan. 9, 
1943; C, 4:05 P.M., Jan. 9, 1943; O, 5:10 P.M., Jan. 9, 1943; •, 2:00 P.M., Jan. 6, 
1943 (original curve for tank hydrogen). Abscissa values were read on feedback-ampli¬ 
fier meter. 


now measures the Dj intensity, and the FP54 amplifier measures the 
HD + intensity. This 3/4 machine is described by Stevens and Nier. 26 

The analysis of gas of high D/H ratio is more difficult than the 
analysis of gas with a very low deuterium content. This is principally 
due to the effect of dilution arising from the hydrogen in the residual 
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water vapor in the mass-spectrometer tube. This effect is usually 
negligible when analyzing hydrogen gas with a low deuterium con¬ 
centration, since the water vapor ordinarily present in the apparatus 
has a D/H ratio of the same order of magnitude as that of the gas 
being analyzed. On the other hand, this water vapor can introduce 



Fig. 3.37—Mass 3/mass 2 ratio vs. H+ intensity for tank hydrogen after 2.69 per cent 
D/H hydrogen under standard operating conditions had been in apparatus continuously 
from 11:00 P.M., Jan. 10, 1943 to 1:00 A.M., Jan. 11, 1943. Afterwards, tank hydrogen 
at atmospheric pressure behind leak was allowed to flush apparatus continuously ex¬ 
cept when pressure curves were run. o, 1:10 A.M., Jan. 11, 1943; ©, 2:05 A.M.,Jan. 
11, 1943; ©, 3:05 A.M., Jan. 11, 1943; «, 7:20 A.M., Jan. 11, 1943; •, 2:00 P.M.,’ Jan. 

6, 1943 (original curve for tank hydrogen). Abscissa values were read on feedback- 
amplifier meter. 


quite a serious error when deuterium gas with a high D/H content 
is being analyzed in the 3/4 machine. The water vapor must, there¬ 
fore, be reduced to a minimum, and its deuterium concentration must 
be made comparable to that of the gas to be analyzed. To accomplish 
this the 3/4 instrument needs special treatment usually not required 
with the Nier n (2/3) instrument. This treatment consists in thorough 


134 


PHYSICAL PROPERTIES AND ANALYSIS OF HEAVY WATER 


baking of the spectrometer tube, accompanied by a simultaneous 
flushing of the tube with deuterium. Once the apparatus is condi¬ 
tioned, the method of analysis is quite similar to that discussed for 



Fig. 3.38 Mass 3/mass 2 ratio vs. H, intensity for tank hydrogen after 2.69 per cent 
D/H hydrogen under standard operating conditions (8 cm Hg hydrogen pressure) had 
been in apparatus continuously from 8:05 A.M. to 10:15 A.M., Jan. 11, 1943. After 
heavy hydrogen was removed, apparatus pumped behind leak continuously except when 
running pressure curves. ©, 10:20 A.M., Jan. 11, 1943; C, 10:55 A.M., Jan. 11, 1943; 
©, 12:05 P.M., Jan. 11, 1943; O, 1:05 P.M., Jan. 11, 1943; •, 2:55 P.M.,Jan. 11, 1943; 
<D, 10:55 A.M., Jan. 12, 1943. Abscissa values were read on feedback-amplifier meter. 

the Nier II (2/3) instrument. The “null method” of measurement is 
used, and the HD/D 2 ratio is given by 

HD ohms required for balance x 959 grid resistance 
D 2 total amplifier output resistance FP54 grid resistance 

This formula is similar to that previously given for the Nier II (2/3) 
instrument, namely, 
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Mass 3 _ R 3 Rab (6) 

Mass 2 R x R A c 

The feedback-amplifier output resistance is fixed at a value (~50,000 
ohms) so that the decade resistance at the balance point reads the 
HD/D 2 ratio directly in parts per hundred thousand when a 40,000- 
megohm FP54 grid resistor is used. Samples for which HD/D 2 is 
greater than 0.10 may be measured with precision by the use of a 
low-resistance FP54 grid resistor of about 100 megohms. 

As was just seen, this instrument needs an extensive baking-out 
schedule before accurate results are obtainable. The spectrometer is 
therefore provided with three furnaces for baking most of the sur¬ 
faces that are under high vacuum. These furnaces operate at 115 
volts and are wound with 24-gauge nichrome wire to give 4 watts/sq 
in. At this wattage the temperature inside the furnaces reaches about 
300°C. The first furnace has a resistance of 27 ohms and covers 
the collector end, the analyzer region, and the bottom part of the 
spectrometer tube extending down from the analyzer. The second 
furnace is made up of three sections, which are wired in series. One 
section, with a resistance of 21 ohms, covers the source region from 
the analyzer up to and including one of the stems through which the 
voltage leads are brought. Another section has a resistance of 6 ohms 
and covers the other stem. The last section, which covers the pump¬ 
ing lead as far as the trap, has a resistance of 12 ohms. The third 
furnace, with a resistance of 40 ohms, is a cylinder that fits over the 
top of the spectrometer tube and covers the rest of the source region 
together with the filament and gas-lead stems. 

In the previous hydrogen mass spectrometers the gas was intro¬ 
duced from the capillary leak into the ionization chamber through 1 to 
3 ft of tubing. In this instrument, however, the leak is situated at the 
very end of the tubing leading into the spectrometer tube and even 
projects a short distance into the ionization chamber of the source. 
In this way the gas to be analyzed passes from a high pressure of 
10 to 15 cm Hg, through the constriction, and directly into the ioniza¬ 
tion space without flowing through any tubing. Thus the entire system 
under high vacuum can be conveniently baked. 

The spectrometer tube has five small magnets for the analyzer. 
These were magnetized to give a field of about 960 oersteds. It should 
be noted that the higher magnetic field requires a higher ion-accel¬ 
erating voltage according to the equation 


r 2 H 2 


— = 4.82 x 10 
e 


V 
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thus resulting in greater intensity and better resolution. These mag¬ 
nets must never be baked at red heat in a vacuum furnace as are the 
rest of the parts. Such a process results in a loss in magnetic prop¬ 
erty, and the magnets must then be remagnetized before use. It was 
found, however, that baking the spectrometer tube does not affect the 
magnets significantly, since the tube does not get hotter than about 
300 to 350°C. The first baking may result in a permanent 5 per cent 

loss in magnetic field, but there is no additional loss in subsequent 
bakings. 

3-2 Problem of Accurate Analyses , (a) Resolution . Whereas in the 
Nier II (2/3) instrument the valley between peaks is less than 0.005 
per cent of the Hj peak, in the 3/4 instrument the valley is about 0.07 
per cent of the D+ peak. This results in an error of about 0.02 in the 
measured deuterium percentage. The instrument is thus limited to an 
accuracy of no better than 0.01 (after correcting for the imperfect 
resolution) and is limited to analyses of samples having a deuterium 
content of less than 99.98 per cent. Figure 3.39 shows a mass- 
spectrum graph under typical operating conditions. The gas sample 
being analyzed contained 99.70 per cent deuterium. 

(b) Memory . The effect of memory is quite small. Figure 3.40 
shows this effect on the analysis of a sample of deuterium gas con¬ 
taining 0.06 per cent HD immediately after a gas sample containing 
1.82 per cent HD had been in the apparatus for 30 hr, including 8 hr 
of baking. The greatest error (0.08) was in the measured HD per¬ 
centage. This was a severe test and therefore indicates that under 
ordinary conditions samples varying rather widely in deuterium con¬ 
tent (but containing less than 10 per cent HD) may be analyzed one 
after another with an error of not more than several hundredths in 
the percentage of deuterium. This does not mean that the memory ef¬ 
fect in this apparatus is less than that in the Nier II (2/3) instrument; 
on the contrary, the effect of memory here is merely smaller rela¬ 
tive to the other factors, such as resolution and the water-vapor ef¬ 
fect, which limit the accuracy of the measurements. 

(c) Water-vapor Effect and Method of Operation . The presence of 
water vapor in the apparatus at pressures of 10" 6 mm Hg and greater 
can cause a great error in the measured HD/D 2 ratio, as may be seen 
from the data in Figs. 3.41 and 3.42. In obtaining the data shown in 
Fig. 3.41 the apparatus was first thoroughly baked and flushed with a 
99.93 per cent deuterium sample until the pressure curve became a 
straight horizontal line (see Fig. 3.43); then normal water vapor was 
mixed with the sample in the ratio 1 to 22, giving the upper curve. 
The water was then frozen out from the gas behind the leak. The 
pressure curve still did not coincide with the lowest curve. This is 
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merely one example of the bad sticking property of water vapor on 
surfaces. Figure 3.42 summarizes similar results. In this case, 
however, there was considerable water vapor in the apparatus before 
the experiment. 



Fig. 3.39—Mass spectrum of 99.7 per cent deuterium sample using simultaneous col¬ 
lection. Left ordinate values were read on feedback-amplifier meter, and right ordi¬ 
nate values were read as deflection on shunt 3 on FP54 amplifier meter. 


The pressure curves determined with a new spectrometer (Fig. 
3.43) or right after the tube had been opened to air (Fig. 3.44) are 
similar in form to the pressure curves obtained after water has been 
||mitted and pumped out. This indicates a large water-vapor effect. 
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Analyses made under these conditions are valueless. It is only after 
thorough baking along with a simultaneous flushing with deuterium 
gas that almost all the curvature disappears and the HD/D 2 ratio 
drops to a definite value. Moreover, it must be noted that the amount 
of curvature and the difference in HD/D 2 ratio before and after this 
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Fig. 3.40—Graph showing effect on analysis of changing from one sample to 
of different concentration. System had been flushed with 1.82 per cent HD gas for 
hr including 8 hr of baking. Measured HD per cent includes a 0.06 per cent background 

and 0.02 per cent water-vapor effect. 


baking treatment are proportional to the H 2 0 + intensity and do not 
depend on the concentration of the sample. Figure 3.45 demonstrates 

this last point. 

The pressure curves never become perfectly horizontal no matter 
how intensive the baking and flushing treatment may be. Although on 
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an absolute basis the amount of curvature over a given pressure range 
decreases with increasing concentration of deuterium, the opposite is 
true on a relative basis (Fig. 3.45). This increase on a relative basis 



Fig. 3.41 —Pressure curves showing effect of admitting normal water vapor along 
with a 99.93 per cent deuterium sample, o, mixed with H a O in the ratio 1:22; <D, after 
H a O is frozen out; •, before mixing with H a O. Abscissa values were read on feedback- 
amplifier meter. 


may mean that some of the deviation from a straight line is due to a 
small amount of water vapor that cannot be eliminated, but the de¬ 
crease on an absolute basis points to the presence of some other ef¬ 
fect. This second effect is, however, so small as to be of only minor 

importance. 

% 

After a tube has been conditioned, opening it to the air (to replace 
a filament, etc.) requires 10 hr of baking and flushing before the 
water-vapor effect is again minimized. This conditioning time be¬ 
comes less as the length of use and amount of baking of the tube in¬ 
crease. Nevertheless, at least 5 hr is recommended regardless of 
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the age of the spectrometer tube. The spectrometer filament should 
be left on during the baking. If this is not done, the cold filament ad¬ 
sorbs large quantities of gas, including water vapor. This gas is then 
released when the filament is turned on again. 



Fig. 3.42 — Pressure curves showing effect of admitting normal water vapor along 
with a 95.9 per cent deuterium sample, o, mixed with normal H 2 0 in the ratio of 1:44; 
O, H z O frozen out; •, fresh sample admitted after sample with H 2 0 frozen out was 
run. Abscissa values were read on feedback-amplifier meter. 


There is a waiting period of about 2 to 10 hr after the furnaces are 
turned off before the water-vapor effect disappears and the curvature 
becomes a minimum. This “induction'’period becomes shorter as 
the age of the tube increases. In any case, the length of a baking 
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period and the time of waiting after the baking period before accurate 
analyses can be made must be determined directly for any tube by the 
use of known standards. Just as in the case of memory for the Nier II 



Fig. 3.43—Pressure curves for 99.95 per cent deuterium sample measured on a new 

spectrometer before and after baking and flushing, o, before baking; •, 25 hr after 

20 hr of baking with sample flowing in. Abscissa values were read on feedback-amoli- 
fier meter. * 


(2/3) instrument, each laboratory using a mass spectrometer should 
make its own tests for the range of samples it intends to study. 

The flushing during baking should be done with gas having a deu¬ 
terium concentration of the same order of magnitude as that of the 
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samples to be analyzed. All the tests described in this section were 
done with gas having a deuterium concentration greater than 99 mole 
%, but there is no reason to suppose that a deuterium content as low 
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Fig. 3.44 Pressure curves for a 99.93 per cent deuterium sample showing water- 
vapor effect after opening system to air to replace a burned-out filament, o, before 
opening system to air; a>, after opening system to air and before baking and flushing; 
• , 6 hr after 6 hr of baking and flushing. Abscissa values were read on feedback- 
amplifier meter. 


as 95 per cent could not have been used. Tank deuterium, which is 
about 98 per cent deuterium, is probably a satisfactory flushing gas. 
The deuterium pressure in the spectrometer during flushing should 
be about the same as that during normal operation. Spectrometer 
pressures 5 to 10 times normal did not seem to hasten the condition¬ 
ing process noticeably in tests made by Nier and Stevens. The normal 
pressure, of course, depends upon the capillary-leak size. To main¬ 
tain the system in good operating condition for accurate analyses the 
spectrometer tube should be flushed continuously with deuterium gas 
with the filament on at all times. 
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Table 3.13 shows that air admitted for a short time through the 
capillary leak does not cause errors greater than 0.1 in the meas¬ 
ured HD percentage. After a few hours of pumping and flushing the 



Fig. 3.45—Pressure curves showing water-vapor effect 1 

terium contents. •, before baking and flushing, when wat 

O when no water-vapor effect is present. Abscissa vak 
amplifier meter. 


sample of different deu- 
-vapor effect is present; 
were read on feedback- 


system is back to normal. In this 
was at atmospheric pressure. 


experiment the air behind the leak 


The manifold system through which the gas samples are 

to the spectrometer tube should a* in /„> admitte< 
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provided with a solid-carbon dioxide trap. This trap serves to re¬ 
move any water vapor that may be present in the gas. It is usually 
advisable to circulate the gas samples several times back and forth 
through the trap by means of a hand Toepler pump before admitting 
the gas into the spectrometer tube through the capillary leak. A high 
operating pressure should be used in this machine in order to mini¬ 
mize any possible water-vapor effect and also to assure being out of 
the range of the residual curvature. Naturally the pressure must not 
be so great as to cause the meter in the feedback-amplifier circuit to 


Table 3.13 The Effect of Air behind the Capillary Leak 
on Analysis of 0.11 Per Cent HD Sample 

Measured 


Time HD, % 

Before admitting air 0.15 

After admitting dry air 0.22 

for 5 min 

1 hr later 0.19 

After admitting ordinary 0.26 

room air for 5 min 


lock. This locking of the meter may be best understood by referring 
to the circuit in Fig. 3.10. As the pressure is increased, the number 
of ions hitting the mass-4 collector plate (mass-2 collector in Fig. 
3.10) increases. As this input signal increases the output from the 
amplifier is increased until the grid of the 6J5GT tube finally be¬ 
comes too negative for the tube to function. When this tube cuts out 
of the circuit the meter reads only the current due to the battery. 
This current is independent of the gas pressure, and therefore the 
meter reading is a constant. When this happens the meter is said to 
be locked. At Columbia University the 3/4 instrument was operated 
at a pressure just below this locking pressure. 

Several experiments have been made in which the mass spectrom¬ 
eter was operated with the region surrounding the source, from the 
analyzer up, at an elevated temperature. It was found that satisfac¬ 
tory analyses were obtained when the source region was held at 150°C 
(corresponding to a furnace dissipation of 2 watts/sq in.). There was, 
however, a considerable water-vapor effect at 4 watts/sq in. (about 
250°C). There is one advantage to operating the 3/4 mass spec¬ 
trometer with the source at 150°C. With the source at room tempera¬ 
ture there is observed a transient change in the HD/D 2 ratio when the 
ions are turned off and then on. This change, amounting to less than 



ISOTOPIC ANALYSIS BY THE MASS SPECTROMETER 


145 


a few per cent decrease in the HD/D 2 ratio, is proportional to the 
deuterium content of the sample. The ratio drifts back to its true 
value after a few minutes. The same effect is noted when the ion 
voltage is lowered and raised again to its proper value. Operation 
with the source at 150°C eliminates this effect. Operating at 150°C 
will not take the place of baking and flushing. This would seem to in¬ 
dicate that all the surfaces in the mass-spectrometer tube enter into 
producing the water-vapor effect. 

Most of the water vapor present in the system at first (or after ex¬ 
posure of the tube to the air) is adsorbed gas. Langmuir’s classical 
studies have shown that glass may adsorb many layers of water mol¬ 
ecules. But even after these are driven off, water is gradually re¬ 
leased from the glass. This water is held chemically in the glass 
itself. The only way to minimize the water-vapor effect satisfactorily 
is to bake and flush at the same time. Baking alone for a reasonable 
time is generally not sufficient, as may be seen from the data in 
Fig. 3.46. 

The mechanism of the water-vapor effect has not yet been deter¬ 
mined with certainty. Stevens and Nier 26 believe that the effect is not 
due to a secondary-ionization process but rather to the reaction 

D 2 + H z O sHD + HDO 

There are several reasons for believing that the process that gives 
interfering HD + ions is not a secondary ionization. 

1. It is unlikely that any such process could yield the large amount 
of HD+ ions observed. In some instances this quantity can be as large 
as one-tenth the Dj concentration. 

2. The water-vapor effect does not depend on the ion-repelling 
voltage as, for example, does the H+ effect in the 2/3 spectrometer. 

3. In Fig. 3.47, the HD/D 2 ratio in the presence of a large water- 
vapor effect has been plotted against leak pressure for three widely 
different electron emissions. Since a very concentrated deuterium 
sample was used, almost all the HD/D 2 ratio measured in this case 
was due to the water-vapor effect. This experiment therefore shows 
the HD/D 2 ratio at a constant pressure to be practically independent 
of the emission. 

If the mechanism for the water-vapor effect is an exchange reac¬ 
tion, it is interesting to speculate as to where this exchange occurs. 
Does it take place only on the surface of the hot filament and in the 
region surrounding the filament, or does it occur on the whole surface 
of the spectrometer tube, which is mainly glass? And if the exchange 
takes place on the entire surface, what acts as a catalyst in making 
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the reaction rapid? It is an intriguing problem that requires more 
experimental work before an answer can be given. 

In the operation of the 3/4 instrument at Columbia University, a 
peculiar effect was noted. As the electron-emission current was in- 
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Fig. 3.46—Pressure curves for 98 per cent deuterium sample. O, after 9 hr of baking 
with nothing flowing in; #, after 9 hr of baking with sample flowing in. Abscissa values 
were read on feedback-amplifier meter. 


creased beyond 4 ma, the apparent HD/D 2 ratio increased. This 
may be seen from the data obtained by Chastagner 27 as summarized 
in Figs. 3.48, 3.49, and 3.50. The same gas sample was used through¬ 
out these experiments. These data show that with this instrument 
(1) it is best to work below 4-ma electron emission for consist¬ 
ency of results and (2) at a given pressure, if the electron-emission 
current is changed, the feedback-amplifier output should be adjusted 
to a maximum. The phenomena shown in these graphs may be in part 
related to the focusing characteristics of the ion source. Phenomena 
of this type limit the accuracy of the 3/4 machine on an absolute ba- 
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sis. These phenomena are not yet completely understood, but in some 
cases they can be minimized empirically. Much work can still be 
done in this field. 



Fig. 3.47 HD/b a ratio vs. leak pressure at various emissions for a 99.97 per cent 
deuterium sample, o, 5.0-ma emission; <d, 2.5-ma emission; • , 1.3-ma emission. 


^ Reliability of Results . A consideration of the factors just dis- 
cussed indicates that the 3/4 instrument cannot be used without modi¬ 
fication if the gas being analyzed contains less than about 0.04 mole 
% HD. However, the uncertainty in the analyses in the range in which 
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the instrument can be used is about the same as that for the 2/3 in¬ 
strument. Allowing for the uncertainties arising from the water-vapor 
effect, etc., it may be said that the uncertainty in the analyses on the 
3/4 instrument is 3 to 5 per cent. 



Fig. 3.48—Variation of HD/D 2 ratio with electron-emission current. Pressure be 
hind leak is constant. O, increasing emission; x, decreasing emission. 


The reproducibility of the mass-spectrometer readings may be 
seen from the data obtained in the Metallurgical Laboratory. 38 These 
data, summarized in Table 3.14, were obtained over a 38-day interval 
on gas samples from a tank of deuterium. The deviation can be mini¬ 
mized by the use of standards to correct for errors due to memory 
and other temporary effects. 
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The absolute accuracy of the 3/4 spectrometer was also checked 
at the Metallurgical Laboratory 30 by preparing standard gas samples. 
These gas samples were prepared by mixing in a special dilution ap¬ 
paratus, tank hydrogen and nearly pure deuterium gas prepared by the 



Fig. 3.49 Variation of H D/D 2 ratio with electron-emission current. Pressure varied 
to keep feedback-amplifier output constant. 


electrolysis of heavy water. The gas mixtures were equilibrated by a 
hot filament in order to establish the equilibrium H 2 + D 2 n 2HD. The 
HD content of the mixtures was calculated from dilution data. It was 
shown mathematically that, for the range studied, uncertainties in the 
concentration of either of the two starting gases did not appreciably 
affect the final answer. The experimental results are summarized in 
Table 3.15. The percentage difference, shown in the last column, in- 
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dicates the maximum error since it also contains dilution errors in 
preparing the gas samples. The average deviation is ±3.5 per cent. 

Similar data were obtained by Nier at the University of Minnesota 
and have been reported by Crist and Kirshenbaum. 40 These results 
are summarized in Table 3.16. No information is available as to how 
the gas-dilution standards were prepared. 
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Fig. 3.50—Variation of HD/D 2 ratio with electron-emission current. Ion repeller 
varied for maximum feedback-amplifier output at each point. Pressure constant. O, 
increasing emission; x, decreasing emission. 


4. NIER MASS SPECTROMETER FOR OXYGEN, NITROGEN, AND CARBON 

DIOXIDE ANALYSES 

4.1 Introduction . This machine is essentially the same as the 
Nier I described at the beginning of this chapter. Several changes 
were introduced in order to (1) increase the sensitivity of the instru¬ 
ment, (2) decrease the time necessary for an analysis, and (3) in¬ 
crease the steadiness of the voltage supply. These changes will be 
discussed in this section. This instrument was developed by Inghram, 
Nestor, Rustad, Schwab, and Chastagner. 29 
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4.2 Instrument , (a) Spectrometer Tube . The design of the spec¬ 
trometer tube is that developed by Nier and uses a 60-deg magnetic 
analyzer, as do all of the other tubes discussed. The ion-source plate, 
with the exception of a pair of focusing half-plates (E and F of Fig. 
3.51), is essentially the same as that used in the Nier I machine. It 
consists of four circular plates and two circular half-plates of ni- 
chrome V. These plates are 1.38 in. in diameter and 0.025 in. thick. 
Four studs, two of which are shown in Fig. 3.51, serve the double 
function of holding these plates together and aligning them. These 
studs, as well as all other studs and screws in the source unit, are 


Table 3.14—Analysis of Spectrometer Data for Samples 
from D 2 Tank (No. 1) Over a Period of 38 Days 

(1-18-44 to 2-24-44) 


Number of analyses 
Mean value 

Average deviation from mean 
Maximum variation per day 
Average spread per day for 
days In which more than 4 
observations were made 
Maximum variation over 
entire interval 


105 

1.75 4 % HD/D 2 
0.03 H D/D 2 (1.7%) 
0.10 HD/D 2 (5.7%) 
0.07 HD/D 2 (4.0%) 


0.17 HD/D 2 (9.7%) 


lengths of 0.057-in. nichrome V rod cut with a 0-80 thread. The 
spacers separating the plates are sawed from double-wall pyrex 
tubing. To the top plate B are attached (1) a box containing the fila¬ 
ment and the lower portion of the filament shield and (2) a box en¬ 
closing the insulated electron trap T. 

The filament consists of a loop of 0.001-in. tungsten ribbon 0.030 
in. wide, mounted between two vertical tungsten leads. The electron 
beam is defined in part by the slit S 5 , which has been cut into the 
filament shield. The filament shield is attached by means of a strap 
to the filament stem. Since the location of the shield and stem unit 
with respect to S 5 is determined by the construction of the source, the 
alignment of a new filament behind S 5 can be done outside the tube. 

A portion of the electrons emitted from the filament passes through 

the slit S 5 and, accelerated by a potential difference of the order of 

85 volts, travels across the ionization chamber to be caught and 

measured on the trap plate T. This beam, represented by horizontal 

dashes in Fig. 3.51, is kept in line by a 300-oersted magnetic field of 
an Alnico magnet. 

Positive ions formed by the collision of these electrons with the 
gas under observation have approximately zero energy. These ions 
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Table 3.15—Accuracy of Mass Spectrometer 


HD/D 2 , % 


Sample 

Calculated ratio 

Experimental ratio 

Difference 

Difference, % 

1 

1.16 

1.10 

-0.06 

-5.1 

2 

0.72 

0.68 

-0.04 

-5.6 

3 

0.54 

0.51 

-0.03 

-5.6 

4 

0.64 

0.59 

-0.05 

-7.8 

5 

0.65 

0.64 

-0.01 

-1.5 

6 

0.61 

0.61 

0.00 

0.0 

7 

0.45 

0.47 

+ 0.02 

+ 4.4 

8 

0.81 

0.80 

-0.01 

-1.2 

9 

0.69 

0.68 

-0.01 

-1.4 

10 

0.43 

0.45 

+ 0.02 

+ 4.7 

11 

1.17 

1.18 

+ 0.01 

+ 0.9 

12 

0.70 

0.72 

+ 0.02 

+ 2.9 

13 

0.88 

0.90 

+ 0.02 

+ 2.3 

14 

0.44 

0.47 

+ 0.03 

+ 6.8 

15 

0.80 

0.82 

+ 0.02 

+ 2.5 

Av. 13.5 


Table 3.16—Accuracy of Mass Spectrometer 
Hydrogen, mole % 


Observed 

Calculated from dilution 

Difference, 


(Nier) 

data (Columbia) 

observed - calculated 

Difference, % 

0.08 

0.08 

0.00 

0.0 

0.29 

0.29 

0.00 

0.0 

0.30 

0.30 

0.00 

0.0 

0.98 

0.84 

+ 0.14 

16.7 

2.09 

1.99 

+ 0.10 

5.0 

2.45 

2.27 

+ 0.18 

7.9 

2.69 

2.68 

+ 0.01 

0.0 

4.90 

5.12 

-0.22 

4.3 

4.99 

5.00 

-0.01 

0.0 




Av. 3.8 

are accelerated by a field of several 

volts per centimeter 

between C 


and D of Fig. 3.51, and the portion of these ions passing through Sj 
are further accelerated by a large potential difference between D and 


G. The collimated ions passing through slit S 2 then move on by virtue 
of the energies thus acquired into the analyzing magnetic field. The 


electrical connections from the electronic units supplying the poten- 
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tials to the various source plates are made through tungsten-to-glass 
reentry pressed seals. Figure 3.52 also shows these various parts. 

This view of the source shows the filament stem and shield extend¬ 
ing from the upper left into the filament box, which is mounted rigidly 




Fig. 3.51 Ion source. (B, C, D, G) Plates. (E, F) Half-plates. (H) Electron-trap 
housing. (Sj, S a , S 8 , Sg) Slits. (T)Insulated electron trap, (j, I) Alignment pins, screws. 


on the top plate of the source. The three strips of wire around the 
filament stem and shield in the upper left hold the filament slit on the 
filament stem in alignment with the filament. The four stud-and- 
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Fig. 3.52—Ion source. 


pyrex space insulators can be seen holding the five major plates of 
the source in alignment. The alignment pins and screws, by means of 
which the source is accurately attached to the tube proper, can be 
seen extending below the bottom plate. The box housing the electron 
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trap can be seen between the second and third plates at the right of 
the source. The leads to the source are brought through pyrex insula¬ 
tors from the top of the source and spot-welded to the source plates. 



Fig. 3.53—Cross-sectional view of tube in place. 


The location of the ion source in the spectrometer tube with respect 
to the remaining elements of the tube is shown in Fig. 3.53. This 
figure is similar to Fig. 3.2. The source is fastened by means of 0-80 
screws to a plate that is silver-soldered to the copper body. This 
body is a length of 1-in. copper tubing bent as shown. The section of 
tubing between the pole faces is flattened to a thickness of \ in. The 
alignment of the source and the collector in the mass spectrometer is 
accomplished by accurately machining the copper body of the tube be - 
fore the glass envelopes are connected. Using this construction, the 
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Fig. 3.54 — Front view of the spectrometer tube. 
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glass envelopes have no effect upon the alignment of the source and 
collector. Alignment is therefore as accurate as the machine work 
on the copper. 

The source and collector are enclosed in pyrex envelopes, which 
are sealed to Kovar cups silver-soldered to the copper tube. The 
collector consists of (1) a plate into which a defining slit is cut, (2) 
the secondary-electron repeller,and (3) the collector plate. The first 
two plates are circular and are made of nichrome V, 0.98 in. in diam¬ 
eter and 0.025 in. thick. These plates are held in position by means of 
two nichrome V studs and spaced by pyrex spacers. This assembly 
is fastened by means of 0-80 screws to a plate soldered to the end of 
the copper tubing. The collector plate is a piece of 0.39- by 0.79-in. 
nichrome V, 0.025 in. thick. It is supported by a tungsten lead sealed 
to the pyrex housing. The collector end of the copper tube is per- 


Table 3.17—Flux Density as Function of Current 

Current in each coil, amp Flux density, oersteds 

0.5 1,200 

1.0 2,120 

1.5 3,100 

3.25 5,000 

forated with small holes to facilitate pumping of the analyzer cham¬ 
ber. The pump lead for the system is connected to the collector hous¬ 
ing as shown in Fig. 3.53. 

(b) Magnet . A diagram of the magnet, which is identical with that 
used for the Nier I machine, was given in Fig. 3.3. The flux density 
in the air gap for various field currents is shown in Table 3.17. 

(c) Pumping System . The apparatus is evacuated through the pump 
lead shown in Fig. 3.53. A two-stage mercury diffusion pump backed 
by a suitable forepump gives sufficient vacuum for the mass resolu¬ 
tion necessary for analysis. The pressure in the spectrometer tube 
can be measured with either a McLeod gauge or an ionization gauge. 
Outgassing of the apparatus is accomplished by means of electric 
furnaces wrapped around the spectrometer tube. These furnaces are 
wound to give a heat input of 5.5 watts/sq in. of spectrometer-tube 
envelope. This is equivalent to a temperature of 450°C. The location 
of these furnaces is shown in Fig. 3.54, which is a view from the front 
of the spectrometer under the desk with the kickboard removed. The 
mercury reservoir for the Toepler pump in the sample system is 
shown at the lower left corner of the frame. The magnet, mounted on 
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wheels so that the unit can be moved along the tracks for resolution, 
is at the right of the reservoir. The setscrews for further adjust¬ 
ment of the magnet can be seen in the magnet carriage. The spec¬ 
trometer tube passing between the magnet-pole faces is shown in 
position. The source magnet is at the top portion of the tube, and the 
outgassing furnaces are wrapped about the source and collector ends 
of the tube. The pump lead extends upward from the collector end of 
the tube. The battery supplies the potential to the secondary-electron 
repeller through a tungsten-pyrex pressed seal located just above the 
spectrometer tube and extending to the left from the pump lead. The 
electrometer case, which shields the FP54 tube, is at the right of the 
view and is connected to the spectrometer tube. The short arm ex¬ 
tending to the left from the base of this case is the key with which the 
parallel resistor is included in the grid circuit of the FP54. Connec¬ 


tions from the FP54 to the electrometer-amplifier circuit are made 
through the Amphenol connector shown at the upper right of the view. 
Connections from the FP54 to the feedback-amplifier circuit are 
made by shifting this plug to the female receptacle at the left of the 
position of the octal shown in this plate. 

(d) Sample System. The sample manifold is shown in Figs. 3.55 
and 3.56. Elements shown in Fig. 3.56 are: top panels, left to right: 
magnet control panel, emission regulator, and ion gauge; bottom 
panels, left to right: sample manifold, main control panel, and elec¬ 
trometer and feedback amplifiers. The aspirator bulb for operating 
the Toepler pump is shown resting on the desk top. The galvanometer 
scale may be seen just below the top panels. 

The gas to be analyzed is admitted to the spectrometer tube through 
a glass capillary leak. Since the amount of sample required for an 
analysis is proportional to the volume of the sample manifold, the 
manifold was constructed of 2-mm pyrex capillary tubing so that its 
volume could be kept small. The pressure of the gas in the sample 
system can be kept low and can be varied to give the proper pres¬ 
sure inside the spectrometer by means of a Toepler pump. With such 
a manifold, the spectrometer can analyze 0.1 ml (at 1 atm pressure) 
of gas sample. 


Connectors to the manifold are 7/25 ground-glass joints. The sam¬ 
ple manifold is evacuated through a 14-mm pyrex lead by means of a 
mercury diffusion pump backed by a suitable forepump. The sample 
system is located at the lower left of the operating panel, as shown in 
Fig. 3.56. This permits convenient handling of the samples. 

(e) Frame. The spectrometer tube and accompanying electronic 
units are mounted in a welded angle-iron frame. The frame incorpor¬ 
ates a desk (Fig. 3.56) for ease of operation. A kickboard is provided 



ISOTOPIC ANALYSIS BY THE MASS SPECTROMETER 


159 


below the desk for the protection of the tube. The magnet-carriage 
tracks, made by welding two strips of angle iron back to back, are an 
integral part of the frame. 

(f) Electronics . (1) Electrometer Amplifier . The circuit of the 
electrometer amplifier for measuring the positive-ion current is 
shown in Fig. 3.57. The galvanometer is a type RB Leeds & Northrup 



unit. The voltage sensitivity of this amplifier is approximately 90,000 
mm per volt. An Ayrton shunt is used to reduce the sensitivity in 
steps to about 800 mm per volt. Reduction of current sensitivity can 
be achieved by switching a 2 x 10 9 ohm resistor in parallel with the 
4 XIO 10 ohm resistor in the grid circuit. 

The electrometer tube is housed in an evacuated cast-iron con¬ 
tainer for magnetic and electrostatic shielding. The tube surface 
itself is cleaned with ether and coated with Aquadag; the Aquadag 
coat is grounded. This shielding, in addition to the shielding of the 
entire collector end of the spectrometer tube with tin foil gives a 
galvanometer “zero” steady to 2 mm. 
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Two Willard (Willard Storage Battery Co.) DD-5-3 low-discharge 
batteries are satisfactory as a current source for the electrometer 
tube. However, a-c -powered units such as that shown in Fig. 3.58 
may be used to replace these. 



Fig. 3.56 —Front view of the 440 mass spectrometer. 


(2) Feedback Amplifier. A feedback-amplifier circuit is shown in 
Fig. 3.59. The amplifier uses an FP54 for the electrometer tube and 
was built so that analyses might be conducted rapidly. Since the same 
FP54 is used in both the electrometer and the feedback amplifiers, 
the mere shifting of the octal connector for the FP54 from one plug 
to another selects the amplifier desired. The maximum sensitivity of 
the feedback amplifier is about 1,600 divisions per volt. This can be 
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reduced in steps to approximately 12 divisions per volt. The linearity 
of the feedback amplifier is shown in Fig. 3.60. The deviations from 
the straight line are principally due to unsteadiness of the amplifier. 
This unsteadiness can be overcome by better shielding. The feedback 
amplifier can be adapted to an automatic recorder, as discussed 
previously. 


80 MH 



DISCHARGE 

BATTERIES 


Fig. 3.57—Electrometer amplifier. 


(3) Ion Gauge . The ion gauge in use is a Distillation Products, Inc. 
VG-1A. The circuit used to operate this gauge is shown in Fig. 3.61. 
The ion-gauge circuit is so designed that, when the pressure in the 
spectrometer tube becomes greater than the pressure at which the 
filament can be safely operated, the power to the ion-gauge filament 
and to the emission regulator is automatically cut off. 

(4) High-voltage Supply . With an a-c input of 75 to 135 volts, the 
output of the high-voltage supply (Fig. 3.62) is about 1,000 volts. For 
average line fluctuations in the New York area, the output is stable to 
approximately 20 /iv, or 1 part in 50,000. 

(5) Emission Regulator . The emission regulator shown in Fig. 3.63 

combines (1) an a-c current regulator for heating the spectrometer 

filament and (2) a d -c voltage regulator which supplies the potential 

for accelerating the electrons given off by the filament. The output of 

the latter can be varied from 0 to 75 volts. The value of this potential 

determines the energy of the ionizing electrons. Since this potential 

can be varied, the appearance potentials for various gases can be 
measured directly. 
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Fig. 3.58—Power supply, 150 ma. 
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Fig. 3.59—Feedback amplifier. 
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(6) Magnet Supply . The magnet current is supplied by two Willard 
SPW-153 sound-projection batteries and can be varied continuously 
up to 4 amp from the magnet control panel shown in Fig. 3.64. Thus 
the spectrometer can be utilized for analysis over a wide range of 
masses. A VR75 tube is used for the dissipation, through glow dis- 



PROPORTIONAL VOLTAGE UNITS 

Fig. 3.60—Linearity of feedback amplifier. Resistance of 40,000 ohms in series with 
meter. 


charge, of stored energy when the magnet current is cut off. The sev¬ 
eral elements of the supply are thereby protected from damage. 

Battery power is satisfactory here. The batteries used can be 
charged rapidly or can be floated on a d-c line without fear of injury 
to them; nevertheless, an electronic regulator of design similar to 
the electrometer power units shown in Fig. 3.58 can be used as a 
magnet supply. One variation of such a unit is now under construction 
for another instrument. 

(7) Main Control Panel. The source potentials are supplied through 
and controlled from the main control panel shown in Figs. 3.56 and 
3.65. For the convenience of the operator the meters indicating (1) 
the magnet current, (2) ion-acceleration potential, ^3) the positive-ion 
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Fig. 3.61—Ion-gauge circuit 
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Fig. 3.62—Circuit for the high-voltage supply. 



Fig. 3.63—Emission-regulator circuit. 
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current as measured by the feedback amplifier, and (4) total emission 
are all located on this panel. 

A side view of this mass spectrometer is shown in Fig. 3.66. Ele¬ 
ments of the panels shown in front view in Fig. 3.56 are shown here. 
The electrometer and feedback-amplifier circuits are cased in gal¬ 
vanized iron for shielding purposes. The electronic power supply in 


12-V HEAVY-DUTY BATTERIES 



Fig. 3.64—Magnet control panel. 


the upper right-hand corner of the back of the frame is the high-volt¬ 
age supply. The two large Willard sound-projection batteries, shown 
in the middle of the view, supply the magnet current. The McLeod 
gauge is at the middle right of the view, and the galvanometer light 
projects to the right from the foremost corner of the frame. This 
view of the electrometer case shows the cable by means of which 
connections to the amplifier circuits are made, extending from the 
base of the case. The short arm extending to the rear of the frame 
from the electrometer-case lead to the spectrometer tube is the key 
with which the grid of the FP54 can be grounded. The mechanical 
pump in the lower right-hand corner is a Welch (W. M. Welch Mfg. 
Co.) Duo-Seal pump, which backs the mercury diffusion pump for 
evacuating the spectrometer tube. The a-c power panel for the mass 
spectrometer is shown at the left just below the electrometer and 

feedback-amplifier panel. The meter indicates the total current drawn 
from the a-c line. 

4.3 Performance , (a) Voltage Effect . Since this instrument has 
only one collector plate, there is a strong voltage effect. Thus a given 
ion peak brought into the ion detector at different acceleration voltages 
has different intensities. The extent of this effect was shown with a 
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Fig. 3.65—Main control panel 
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Fig. 3.66 —A side view of the 


mass spectrometer. 
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sample of H 2 S. In this particular experiment the instrument was 
being used to determine the impurities present in a given gas sample. 
It was found that the sensitivity of the mass spectrometer to H 2 S was 
changed by a factor of 8 when the voltage at which the H 2 S + ion ap¬ 
peared was changed by a factor of 3. Therefore this mass spectrom¬ 
eter cannot be used as an absolute instrument. Just as in the case of 
the Nier I the proper use of the mass spectrometer requires a cali¬ 
bration curve or comparison to standard samples. 

(b) Routine Carbon- and Oxygen-isotope Analysis in Carbon Dioxide . 
This instrument is suitable for routine carbon- and oxygen-isotope 
analysis, as may be seen from the mass-resolution curve for C0 2 
shown in Fig. 3.67. The mass-44 peak is due to C 12 O 16 O 10 ; the mass- 
45 peak is due to C 13 O 16 O 10 and C 12 O i6 0 17 ; while the mass-46 peak is 
principally due to C 12 0 16 0 18 . The usual method for isotopic analysis 
consists of comparing the isotopic ratio in an unknown sample with 
that in a standard sample. In this way errors due to voltage effect 
and imperfect resolution are minimized. 

The spectrometer, however, can be used for absolute measure¬ 
ments if certain small changes are made in the instrument and if a 
different method of analysis is used. These changes are as follows: 

1. The magnet around the ion source is removed so that no mag¬ 
netic discriminations can occur in the source. 

2. The ion-acceleration potential is fixed, and the different peaks 
are swept into the collector by changing the field of the magnetic 
analyzer. Thus the condition of identical ion paths for the isotopes 

is met. 

3. The electrometer-amplifier circuit is altered as shown in Fig. 
3.68. With this arrangement the potential (AG in Fig. 3.68) required 
to return the grid of the FP54 to zero potential is proportional to the 
positive-ion current. Thus the ratio of the respective potentials, AG, 
required to cancel out the peaks due to the isotopes equals the ratio 
of these isotopes, assuming they have equal ionization potentials. A 
Leeds & Northrup type K potentiometer is suitable for this work. 

4. Detection resistors previously calibrated for nonohmic response 

are used.* , 

5. The tube must be conditioned for analysis so that memory ef¬ 
fects are eliminated. This is done by flushing the sample material in 
and out of the spectrometer until no further change in ratio can be 
detected on continued introductions of the sample material. 


♦This is discussed in Sec. 4.4. 
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Fig. 3.67—Resolution curve for carbon dioxide. 



Fig. 3.68 Change in eiectrometer amplifier circuit tor making absolute readings. • 
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6. The variation of the isotopic ratio is determined as a function of 
all possible variables (i.e., as a function of the source potentials 
ionizing electron current, pressure behind the leak, emission cur¬ 
rent, etc.). 

The results are averaged, provided the differences in the ratios 
obtained under the various conditions are not too great. 



Fig. 3.69—Mass spectrum of oxygen. 


(c) Isotopic Analyses of Oxygen and Nitrogen . The analyses of 
oxygen and nitrogen are similar to that of CO z . In the case of oxygen 
the various principal peaks are due to 0 16 0 16 ,0 16 0 17 , and 0 16 0 18 . Usu¬ 
ally the other possible peaks are too small for accurate analysis. A 
typical resolution curve for oxygen is shown in Fig. 3.69. These data 
were obtained with an instrument that resembled the Nier I more 
closely than does the instrument just described. For nitrogen the 
principal mass peaks are due to N 14 N 14 and N 14 N 15 . This spectrom¬ 
eter can, of course, be used for other isotopic compounds. The Nier 
I, for example, has been used to study the neon isotopes. 9 

(d) Other Uses for the Mass Spectrometer . A mass spectrometer 
may be used for many types of determinations other than isotopic 
analysis. Most of these uses are amply described in both the scien¬ 
tific and industrial literature, references to some of which have al¬ 
ready been given. The instrument just described can be used for some 
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of these applications. As an*example, Inghram et al. 28 have used the 
spectrometer for the study of impurities in tank hydrogen, using 
standard samples for comparison. They found that they could detect 
very small changes in the amount of impurity present. These mini¬ 
mum detectable changes in hydrogen are shown in Table 3.18. Thus, 
comparing a sample of hydrogen that is free of C0 2 with a sample of 

Table 3.18—Minimum Detectable Changes In 
Amount of Impurities in Tank Hydrogen 



Detectable change 

Impurity 

of impurity in Hj, % 

C0 2 

0.0001 

HaS 

0.0002 

o 2 

0.0006 

HjO 

0.008 


hydrogen containing a CO z impurity (as little as 0.0001 per cent C0 2 ), 
impurity can be detected. The reproducibility is approximately one- 
tenth of this accuracy for the particular technique used. 29 This was 
not the limit of the accuracy of the mass spectrometer. Figures 3.70 
and 3.71 summarize graphically some of the other work done with 
this machine. 

4.4 Nonohmic Response of Resistors . As was indicated earlier in 
this chapter the resistor ratio in the amplifier circuits can be de¬ 
termined directly in the mass spectrometer, and the accuracy of such 
a determination may be a limiting factor in making absolute meas¬ 
urements. Owing to various factors, a resistor does not necessarily 
have exactly the same effective resistance at all voltages, i.e., the 
resistor does not appear to obey Ohm’s law. This nonohmic response 
can limit the accuracy of absolute measurements on not only instru¬ 
ments with two collectors but also those using only one collector. 
Thus for highest accuracy the nonohmic response of the resistors 
used must be determined experimentally. A special circuit for doing 

so has been developed by Inghram, Nestor, and Rustad. 30 This circuit 
is shown in Fig. 3.72. 

In making a measurement the following steps are taken: 

1. Dj is adjusted so that with no ion current to the collector there 

is no voltage developed across R, and R 2> and the galvanometer is set 
at zero. 

2. An ion current sufficient to give a signal of 0.001 volt across 

R i ^ r 2 is then collected, and the deflection of the galvanometer is 
measured. 
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3. With no ion current a voltage is put across the resistors R t and 
R 2 by means of D lt and the galvanometer is brought back to the zero 
position by adjustment of D 2 . The voltage thus developed across each 
resistor is equal to V 2 . 



Fig. 3.70—Calibration of spectrometer for C0 2 in N 2 analysis. Emission current, 4.6 
ma; magnet current, 950 ma. 


4. Now the same ion current collected in step 2 is permitted to 
strike the collector again, and the deflection of the galvanometer is 
noted. This step differs from step 2 only in that it shows a potential 
drop V 2 across the resistors in addition to the potential drop due to 
the ion current. 

If the resistors obey Ohm’s law, the galvanometer deflections for 
steps 2 and 4 will be the same. If, on the other hand, the resistors 
have a nonohmic response, the two galvanometer deflections will not 
be the same, and their ratio will give the ratio of the apparent resist¬ 
ance at 0.001 and V 2 volts across the resistors. A series of such de¬ 
terminations will give a complete calibration curve of the resistors 
over any desired voltage range. Such a calibration curve is shown in 
Fig. 3.73 for two 4 x 10 10 ohm IRC MG-6 resistors. These resistors 
were calibrated for use in measuring ion-current ratios of 1 to 2,000. 
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SPECTROMETER RATIO OF Sif^/BF 3 


Fig. 3.71 Calibration curve for detection of SiF 4 impurity in BF . 

3 * 


Checks made on the Victoreen (Victoreen Instrument Co.) 1 x 10 10 
ohm resistors showed them to be unsatisfactory for use on the mass 
spectrometer for two reasons: (1) their nonohmic response is an- 

resistor, 

and (2) the Victoreen resistors polarize badly. Therefore, at the 

time of writing, IRC resistors are used exclusively on the mass 
spectrometers. 
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Fig. 3.72—Circuit for measurement of nonohmic response of resistors. 



Fig. 3.73—Calibration of IRC MG-6 resistors for nonohmic response. 


In actual operation on a mass spectrometer the signal across the 
resistors never exceeds 2 volts. It is therefore evident that with the 
use of IRC resistors ion-current ratios can be determined to ±1 per 
cent without correction for nonohmic response. Nevertheless, until 
more data are obtained each resistor should be calibrated. 
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5. THE WESTINGHOUSE MASS SPECTROMETER AT BATON ROUGE 

5.1 Instrument. Another type of mass spectrometer that has been 
used in connection with the work discussed in this book is the one de¬ 
veloped by Hippie. 31 ’ 32 The tube used in this mass spectrometer is 
shown in Fig. 3.74. Walden has used an instrument of this type in his 
work in the Esso laboratories at Baton Rouge. 33 The instrument used 
by Walden was built at the Westinghouse research laboratories by 
J. A. Hippie as a laboratory model from which the commercial in¬ 
strument marketed by Westinghouse was developed. This spectrom¬ 
eter differs from that of Nier principally in angle of deflection. A 
90-deg deflection is used as compared to the 60-deg deflection in the 
Nier spectrometer and 180-deg deflection in certain other spectrom¬ 
eters. Electrostatic shielding of the bent-glass tube is achieved in 
the Westinghouse machine by means of a flexible nichrome shield, 
which is pushed into the glass tube after the tube is bent over a tem¬ 
plate. The slit systems at each end are clamped to the glass tube. 

In one of the commercial models 32 the electrons are accelerated 
from the filament through the slit system S 5 , S 6 , and S 7 to the elec¬ 
tron collector, 7 (Fig. 3.74). A magnetic field of 25 to 50 oersteds 
provided by a small auxiliary magnet is parallel to the electron 
beam. This field keeps the electrons that pass through Sg in line with¬ 
out appreciably affecting the heavier ions. Slit S 5 is mounted on the 
filament stem. This permits the lining up of a new filament before 
sealing into the tube. 

The gas to be analyzed is admitted into the tube by a lead not shown 
in the figure. The ions formed are accelerated toward S x with a volt¬ 
age of about 1 volt between plates 5 and 4 (Fig. 3.74). The principal 
accelerating potential is between plates 4 and 6 and is of the order of 
several hundred to a thousand volts. It is this potential which ac¬ 
celerates the ions through the slits Si and S 2 . The ions are then bent 
by the analyzer magnetic field and pass through slit S 3 to the collector 
plate, 1. The slit S 4 is considerably larger than S 3 and is in a plate 
that merely serves as a guard to prevent secondary electrons from 
leaving 1. As in the Nier instruments, by proper choice of ion-ac¬ 
celerating potentials and analyzer magnetic-field intensities, the ions 

desired (i.e., those having a given m/e) may be brought to the col¬ 
lector plate. 

Proper shielding of the ion beam is assured by a small cylinder C 
welded in place. Tungsten wires beaded with glass on the ends are 
welded to each electrode. When the electrodes are in their proper 
positions, the glass beads are joined together. All the electrodes are 
mounted and insulated in this manner. This description of the West- 
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inghouse instrument is essentially that given in the Westinghouse 
Technical Bulletin. 32 

The instrument at Baton Rouge has no provisions for baking. Wal¬ 
den 33 found that, for his work with hydrogen, baking was not neces¬ 
sary. It will be remembered that the Nier II (2/3) instrument did not 



Fig. 3.74—Westinghouse spectrometer tube. (1) Collector plate. (4), (5), (6) Plates. 
(7) Electron collector. (C 2 ) Cylinder to shield ion beam. (S„ S 2 , S s , S 4 , S 5> S 8 , &,) Slits. 

require baking either. The Baton Rouge laboratories are located in a 
warm and humid climate, and the probability of electrical leakage was 
recognized from the start. Accordingly an air-conditioned room was 
provided for the instrument. This room is maintained at a relative 
humidity of 20 to 30 per cent and a temperature of 70 to 75°F. Under 
these conditions only a slight constant leakage was observed. At 
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Columbia University the mass-spectrometer room was maintained at 
a relative humidity of 40 per cent and a temperature of 75°F. 

5.2 Operation , (a) Variation in the Electron Beam . The elec¬ 
tron emission from the filament is measured by means of a micro - 
ammeter. With a given pressure in the spectrometer tube the height 



Fig. 3.75a—Amplifier linearity with shunt at the 0.01 position. 


of the mass-2 peak first increases very rapidly with the electron 
emission and then levels off. Good peaks are obtained at moderate 
pressures with an emission of 200 pa. The filament temperature re¬ 
quired to give this emission is not too high, and, moreover the 
smallest measurable variation in electron emission is just about 
matched by the smallest observable variation in height of the large 
(mass-2) peak. Accordingly, all analyses were made at this emis¬ 
sion, and all results discussed in the following paragraphs were ob¬ 
tained under this condition. 


(b) Amplifier Linearity . The resolved ion current is measured in 
this instrument, as in some of the Nier instruments, by the ampli¬ 
fier circuit described by Penick." Walden thought it advisable to use 
a deflection method rather than the null-point method of measure¬ 
ment. This decision was influenced principally by the difficulty of 
adjusting a potentiometer inserted in the grid circuit of the amplifier. 
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The difficulty arose from the sluggish response of the system, which 
was due partly to the long period of the high-sensitivity galvanometer 
and partly to the high resistance of the grid circuit. The use of the 
deflection method in its simplest form necessitates the proof that the 



Fig. 3.75b—Amplifier linearity with shunt at the 0.5 position. 


deflections of the galvanometer are proportional to the voltage im¬ 
pressed upon the grid of the amplifier tube. This was done by insert¬ 
ing a Leeds & Northruptype K potentiometer between the grid and the 
ground so as to impress a positive potential on the grid. The ob¬ 
served deflections of the galvanometer as a function of the impressed 
potentials are shown in Figs. 3.75a and b for two positions of the 
galvanometer shunt. These two positions are used during actual 
measurement. As can be seen from the figures, there is complete 
linearity. 
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(c) Shunt Ratio. Since the mass-2 peak is always measured with 
the shunt at the 0.01 position and the mass-3 peak is measured with 
the shunt at the 0.5 position, it was necessary to establish accurately 
the sensitivity ratio, which is the same as the ratio of the slopes of 
the lines in Figs. 3.75a and b. In most experiments only these two 
shunt positions were used. However, when other positions were used, 
the ratios were determined by the same process. 

(d) Voltage Effect . Since the maximum accelerating potential at¬ 
tainable with the Baton Rouge spectrometer was 600 volts, the mag¬ 
netic field was usually set so that the mass-2 peak was resolved at 
about 590 volts. The mass-3 peak was then resolved at about 394 
volts. The effect of this voltage change was determined by placing 
hydrogen behind the capillary at several different pressures and 
measuring the height of the mass-2 peak at three different field cur¬ 
rents for the various pressures. The results are summarized in 
Fig. 3.76, where the height of the mass-2 peak is plotted against the 
corresponding accelerating voltage. These curves have been drawn to 
pass through the origin. The part of interest in each curve is nearly, 
though not quite, linear. The ratios of the peak heights at 590 volts to 
the corresponding heights at 394 volts have been calculated from 
these curves. The results are given in Table 3.19. 

It is evident that the data show a constant ratio, independent of the 
peak height, of 1.27. Accordingly, the measured ratio of the mass-3 
peak to the mass-2 peak must be corrected for a voltage effect of 
about 27 per cent. This correction is applied in this case by multi¬ 
plying the observed ratio by 1.27. This corrects for the voltage ef¬ 
fect at least to a first approximation, if not better. 

(e) Calibration . As with the Nier I, a calibration curve was used 
with this spectrometer. Samples of known deuterium content were 
prepared from various standard waters by the CaO-Zn method dis¬ 
cussed in Chap. 4. These gas samples were analyzed on the mass 
spectrometer, pressure curves were drawn, and the intercepts on 
these curves were compared to the actual HD/h 2 ratio as determined 
from the standard waters. Typical pressure curves are shown in 
Fig. 3.77. The observed HD/H 2 ratios were then plotted as a func¬ 
tion of the actual corresponding ratios. The deviation of the slope of 

the resulting line from 45 deg could not be explained solely by the 
voltage effect. 

6. ANALYSIS OF AMMONIA BY THE MASS SPECTROMETER 

In the analysis of ammonia, samples of the gas cannot easily be 
analyzed directly for isotopic content by the mass spectrometer with 
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ACCELERATING POTENTIAL,VOLTS 


Fig. 3.76—Voltage effect. 

a high degree of precision. Ammonia gas forms a great variety of 
ions in the mass spectrometer. This makes the direct isotopic anal¬ 
ysis of ammonia quite difficult. It is therefore advisable, if not 
necessary, to decompose the NH 3 to N 2 and H 2 before the analysis. 
This can be done quite conveniently on a platinum filament heated to 
900 to 1500°C. The apparatus used by We instock 34 in perfecting this 
method is shown in Fig. 3.78. 
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Table 3.19—Galvanometer Deflections in Centimeters 
for Accelerating Potentials of 590 and 394 Volts 


590 volts 

394 volts 

Ratio of 

deflections 

43.3 

33.6 

1.29 

29.3 

23.2 

1.26 

16.3 

12.7 

1.28 

5.8 

4.7 

1.23 

1.05 

0.80 

1.31 


Av. 

1.27 ± 0.02 



PRESSURE AS MEASURED BY MASS-2 CURRENT, CM 


Fig. 3.77—Typical pressure curves obtained with the Baton Rouge mass spectrometer. 
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The sample of ammonia to be decomposed is attached to the crack¬ 
ing apparatus at A by means of a tapered ground-glass joint. The 
sample is allowed to expand into bulb B, and the filament is brought 
to the decomposition temperature and kept there for 5 to 10 min. The 



Fig. 3.78—Ammonia-decomposition apparatus. 


gas mixture is then expanded into C via the two-way stopcock and is 
compressed by the Toepler pump into the sample tube attached at E. 
The capillary U tube D is kept at liquid-air temperature during this 
process in order to remove any undecomposed NH 3 from the cracked- 
gas mixture. The gas mixture is then analyzed with the mass spec¬ 
trometer. 

Errors may be introduced in this method of analysis by cracking 
by (1) fractionation of the NH 3 sample on the filament, (2) wall effects 
due to the presence of H z O or 0 2> and (3) the purity and size of the 
sample. The first possible source of error was investigated in the 
following experiment. A sample of NH 3 was introduced into a condi¬ 
tioned decomposition apparatus and cracked for 5 min. The sample 
bulb was then filled to 1 atm pressure. Sufficient gas pressure of 
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this sample remained to fill a second sample tube without further 
cracking. The undecomposed NH 3 , which had been frozen out in the 
capillary U tube when the first two samples were taken, was pumped 
back into the filament chamber B and decomposed completely. A 
third sample was then taken. The analyses of these samples are given 
in Table 3.20. There is no fractionation, within the experimental er¬ 
ror of 1 per cent, when the outlined procedure is used for cracking 
the ammonia sample to be analyzed. 


Table 3.20 Analyses of Cracked Ammonia 


Sample Mole % D 

First decomposition, 1st sample 1.22 

First decomposition, 2d sample 1.23 

Second decomposition, rest of NH, 

completely decomposed 1.21 


As for the second possible source of error, it was found that when 
the reaction bulb B is exposed to the atmosphere, it cannot be recon¬ 
ditioned even by pumping for 1 hr with the filament burning. A sample 
that is decomposed in the apparatus after this treatment is invariably 
found on analysis to be 5 per cent low. This type of error may be 
minimized by flushing with a small amount of sample, i.e. by de¬ 
composing a small sample and then pumping out the resulting gases 
Wexnstock, working with samples all in the same concentration range 
(0.8 to 1.5 mole % deuterium), found that with rather large samples 
he had to use the flushing technique that called for conditioning the 
apparatus only at the beginning of each day. Therefore it is not in- 
concewable that, if small samples were used and the concentrations 
of the samples were quite varied, conditioning by flushing and perhaps 
even extensive baking might be necessary. 

Examination of Figs. 3.17 and 3.27 shows that the presence of N in 

r S r P V° be a " alyZed may affect results more or less signifi- 

c2r!\ UP ° n 016 lnstrunlent bei "g used for the analysis the 

concentration of N 2 and other impurities in the sample etc It is ad 

before 6 " “f"?"™' * d ° ^ Preliminary orient* g experimel 
before analyzing a cracked ammonia sample for its isotopic content 

bisome cases it may be best to work with a calibration cuA e In ^y 

case, under ideal conditions the accuracy of an analysis™ an am 

moma sample by the cracking process is the accuracy of thTJT.l 
spectrometer. * mass- 
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Chapter 4 


ISOTOPIC ANALYSIS OF HEAVY WATER BY THE MASS 

SPECTROMETER 


1. INTRODUCTION 

Much work has been done on the development of methods of ana¬ 
lyzing water for its deuterium content. Many, if not most of these 
methods, are applicable with or without modification, as the case 
may be, over almost the entire deuterium concentration range, i.e., 
from normal water to pure heavy water. Difficulties which may not 
be serious in analyzing waters with low deuterium contents do, how¬ 
ever, sometimes become rather important as the concentration of H 
% approaches zero. Fortunately most of these problems have already 
been solved both in principle and practice. 

The methods of analysis can be divided into two large groups. One 
group involves direct analysis of the water by determination of one 
or more .of its physical properties, whereas the other includes the 
numerous methods in which the mass spectrometer is involved. The 
methods of analysis involving the use of physical properties will be 
discussed in Chap. 5. In this chapter the analysis of heavy water by 
means of the mass spectrometer is discussed. 

The chief problem faced in analyzing water by means of the mass 
spectrometer is the problem of preparing a sample of hydrogen gas 
for analysis. As was seen in the previous chapter, neither ammonia 
nor hydrogen sulfide could be analyzed directly on the mass spec¬ 
trometer with accuracy. The same is true for water. It has been 
necessary, therefore, to devise methods of decomposing the water to 
form hydrogen. These methods are described and discussed in some 
detail in Secs. 2, 3, and 4. It is also shown that there is no need to 
convert the water samples to gaseous hydrogen or deuterium by de¬ 
composition procedure. Methods have been developed for equili 
brating the water samples with hydrogen or deuterium gas in the 
presence of a catalyst and then analyzing the equilibrated gas on the 
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mass spectrometer. These methods are discussed in Sec. 5. The 
various ways of analyzing for the oxygen-isotope content of the water 
sample under investigation are described in Sec. 6. 

2. DECOMPOSITION OF WATER BY ELECTROLYSIS 

Preparation of a sample by the electrolysis of water is not too 
difficult. The chief advantage of this method is that it makes avail¬ 
able, without much additional work, oxygen for the O 18 and O 17 analy¬ 
ses. The chief disadvantage of the electrolytic method lies in the fact 
that a sample of water must be completely electrolyzed in order to 
avoid fractionation. It is this requirement which makes the method 
unusable in most cases. 

Washburn and Urey 1 showed that, when ordinary water is electro¬ 
lyzed, a separation of the hydrogen isotopes occurs. The same is 
true of the oxygen isotopes except that the extent of separation is 
less. A survey of the general literature on the concentration of deu¬ 
terium by electrolysis of water shows the instantaneous fractionation 
factor to be* 



(H/D)gas 

(H/D) wa ter 


« 3 to 10 


The mechanism of the electrolytic reactions that result in fractiona¬ 
tion factors of this order of magnitude is complex and not as yet 
completely understood. Fortunately they need not concern us here. 
It is only necessary to note that it is this large value of a that makes 
it inadvisable to analyze water for its deuterium content by simply 
determining the deuterium content of the electrolyzed hydrogen gas. 

It is relatively easy to demonstrate that, even with an electrolysis 
apparatus operated in such a manner as to give a low fractionation 
factor of 3, electrolyzing only 99.72 per cent of the sample will result 
in a significant error in the final result. This may be shown by appli¬ 
cation of a Rayleigh distillation-type formula. 


•This definition is equivalent to the usual definition of the electrolytic-separation 
factor, i.e., 


_ d (log n H ) 
a d (log n D ) 

where n H and n D are the total number of moles of protium and deuterium, respectively, 
present in solution. This equivalency is proved in Sec. 6.1. 
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Let W = the quantity of water in the liquid phase at any point in 

the electrolysis (quantity in the vapor phase is assumed 
to be negligible) 

x = the atom fraction of H in the water at the same point in 
the electrolysis 

y = the atom fraction of H in the hydrogen off-gas at the same 
point in the electrolysis 

W 0 , Xq, y 0 = the corresponding quantities at the beginning of the elec¬ 
trolysis 

a = the simple electrolytic-separation factor 
Then at any point in the electrolysis 

(Wx - y dW) = (W - dW)(x - dx) 

This equation (obtained from a material balance), neglecting second- 
order differentials, becomes upon rearrangement 


Now by definition 


Then 


dW _ dx 
W ” y - x 


_ y/d - y) 

x/(l -x) 


ax(l - y) = y(l - x) 


or 


y = 


ax 


1 + x(a - 1) 


Substituting for y and collecting terms, 


dW 

W 


dx 


dx 


a-lx(l-x) 1 - 


Assuming that a is independent of concentration, then 


In 


W 


- 1 !n x/C 1 - *) _ . 1 -x 

« - 1 V(1 - Xp) 1 - X, 
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An additional equation is obtained from a material balance If 
is the mole fraction of a less volatile component in the entire elec¬ 
trolyzed gas at any point in the electrolysis, then 

~ Xq)W 0 = (1 - x)W + (r^)(W 0 - W) 
or 


w 1 - x 0 1 - x 0 \ W 1 ) 

If the starting water has a mole fraction of deuterium of 0.0002, 
i.e., 1 - x 0 = 0.0002, then electrolyzing 99.72 per cent of the water 
result s in W 0 /W = 355.3 and 1 — x = 0.01. Under these conditions, 
(1 ~ y)/(l — Xq) = 0.86; i.e., the mole fraction of deuterium in the 
entire electrolyzed off-gas is not the same as the mole fraction in 
the starting water but is 14 per cent too low. Similarly, electrolyzing 
all but 0.0085 per cent of the water results in an error of 4 per cent 
if the analysis of the off-gas is taken to be that of the starting water. 

It is because of the large errors that arise from incomplete elec¬ 
trolysis that this method of decomposing a water sample for a deu¬ 
terium analysis should not be used except in special cases. This 
method can, however, be used for the oxygen-isotope analysis. In the 
electrolysis of water the electrolytic-fractionation factor with re¬ 
spect to the 0 16 /0 18 isotopes is only about 1.01 to 1.03. Thus with 
o; = 1.03, the maximum error is 3 per cent; electrolyzing only 90 per 
cent of the water introduces an error of only 0.6 per cent. 

Wright 2 has developed an electrolytic method for the analysis of 
deuterium. The apparatus used by Wright consisted of a small V- 
shaped cell, which was fed continuously with the water to be analyzed 
and was operated under constant conditions of volume, temperature, 
and current. When equilibrium is reached, the moles of deuterium 
put into the cell as feed water are equal to the moles of deuterium 
leaving the cell as electrolyzed gas and as water vapor. Analysis of 
the deuterium content of the gas and of the water vapor, together with 
a determination of the amount of water vapor leaving the cell, per¬ 
mits calculation by means of a material balance of the deuterium 
concentration of the feed water. Obviously, in order for this method 
to be reliable, the cell operating conditions must be steady enough 
to give constant gas analyses for a considerable period. This has 
proved to be the case. The average deviation (a.d.) from the mean 
was found to be 0.0002 mole % or better for periods as long as 
7 days. This has been taken as the criterion for equilibrium. 
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The method as developed requires an analysis of the deuterium 
content of the water vapor in the off-gas and thus again poses the 
problem of analyzing water. It is therefore not advisable to use this 
method as such for routine analysis of water on the mass spectrom¬ 
eter. This method was devised as a means of determining the abso¬ 
lute deuterium content of a standard water of normal deuterium con¬ 
tent. “Normal deuterium content” is used to indicate a deuterium 
concentration approximately equal to that found in natural waters. 
This method of analysis will, therefore, be discussed in detail in 
Chap. 6. It is, of course, possible to modify the procedure so as to 
make it applicable to the problem at hand. Some method of preventing 
the removal of water as vapor will do this. As to whether this water - 
vapor removal from the off-gases can be accomplished in such a 
manner as to give the required accuracy can be decided only by ex¬ 
periment. It should also be pointed out that this electrolytic method, 
as developed, requires relatively large water samples and takes 
several days for each analysis. It cannot as yet be used in a routine 
manner. 

3. DECOMPOSITION OF WATER ON A TUNGSTEN FILAMENT 

One of the earlier methods tried for the decomposition of water to 
form a hydrogen-gas sample for mass-spectrometer analysis is that 
method using a hot tungsten filament. This means of analysis is es¬ 
sentially the same as that discussed in the previous chapter with 
reference to the analysis of ammonia and hydrogen sulfide. This 
method has the advantage of requiring only a very small amount of 
water for each analysis. This advantage is also shared by other 
analytical procedures that will be discussed later. The tungsten- 
filament decomposition method has several disadvantages. Fairly 
complete decomposition of the water sample is necessary. If the 
sample is not completely decomposed, fractionation may result. Some 
of this fractionation may be due to an exchange between the hydrogen 
gas and the undecomposed water catalyzed by the tungsten oxide 
formed during the cracking processes. That tungsten oxide can act 
as an exchange catalyst may be seen from the work of van Liempt 3 
who studied the equilibriums involved in the system -tungsten 

oxides at 500 to 900°C. His work showed that W0 3 , W 4 O n , and WO 

all formed at 500°C, depending upon the H^O molar ratio. This 

indicates that the tungsten oxides may act as exchange catalysts by 

an oxidation-reduction mechanism at 500°C and probably also at 

lower temperatures. As was seen in Table 2.6, the equilibrium con¬ 
stant for the reaction 
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H z O + HD - HDO + H 2 vapor phase 

is not unity even at 500°C; at this temperature, Ki = 1.37, and at 

200°C, K x = 2.09. Thus if the tungsten oxides can act as catalysts 
exchange may take place. ’ 

Another source of error arises from the adsorption of hydrogen, 
and possibly water vapor, on the tungsten oxide formed on the glass 
walls of the reaction chamber. This results in a “hold-up” and 
memory effect. This effect may be minimized by changing the reac¬ 
tion bulb quite frequently, as discussed later. Other possible limita¬ 
tions to the accuracy of this analytical method will be evident as the 
procedure and its applications are discussed. 

Slightly different procedures have been tried in the various labora¬ 
tories that have used this method of analysis. The procedure that 
will be described in the following paragraphs was used by the labora¬ 
tories of the Consolidated Mining & Smelting Company of Canada Ltd., 
Chemical and Fertilizer Department, at Trail, British Columbia.* 
This method was perfected for them by Graff et al. 4 

The apparatus shown schematically in Fig. 4.1a consists of a small 
sample container A, a U tube B for freezing the sample, a reaction 
chamber C of approximately 250 ml volume, a gas-sample bulb D 
of approximately 40 ml volume, a Toepler pump E-F, and a rubber 
pressure bulb G. The reaction bulb, shown in detail in Fig. 4.1b, 
contains a coiled tungsten filament, 1,000-watt projection-lamp size. 
The current flowing through the filament, and consequently its tem¬ 
perature, is controlled by a variable transformer. 

In preparing the apparatus for use, the stopcocks and ground-glass 
joints are all carefully greased with Apiezon M, care being taken 
to use a minimum amount of grease. The entire apparatus is then 
evacuated by means of a diffusion pump. During this evacuation, 
stopcock 1 is closed. A convenient way of testing whether a good 
vacuum has been attained is to close stopcocks 4 and 5 and force the 
mercury by means of the rubber pressure bulb into chamber E. If 
the system is well evacuated, the mercury will strike the upper part 
of the chamber with a metallic click and will fill the entire space in 
the bulb. 

After evacuation the apparatus must be conditioned by a flushing 
procedure. Proper and thorough flushing is absolutely necessary to 
minimize errors due to adsorption of water on the walls. To do this, 

*In order to avoid repeating this long name continuously, these laboratories will 
hereafter be designated as those at Trail. 
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(a) 


(b) 


Fig. 4.1 ( a ) Tungsten decomposition apparatus, (b) Details of 

tion-bulb assembly. 


construction of reac- 


sample container A is removed and about 10 mg of water is dropped 
into A. Stopcock 1 is closed during this process. The container is 
returned to the apparatus, and then with a solid-carbon dioxide mix¬ 
ture* around B, stopcocks 1, 2, and 3 are opened while stopcock 4 is 


* An f ° f 0,6 usual solvents such as acetone, trichloroethylene, etc., 
mixture. 


may be used in 
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closed. The sample is thus degassed and transferred under vacuum 
from container A to U tube B. It is conceivable that in some cases 
further degassing might be necessary. During this transfer, the 
sample container A should be warmed gently to assure complete 
transfer of the sample. With stopcocks 1 and 2 closed, the solid- 
carbon dioxide mixture is removed from around the U tube B. The 
water sample is thus allowed to diffuse and condense on the walls of 
the reaction chamber C. This diffusion and condensation process is 
facilitated by rubbing the walls of C with solid carbon dioxide. The 
filament is then flashed several times, and the entire sample is re¬ 
moved by pumping. During this evacuation, the reaction chamber C 
and the adjacent glassware are heated by means of a flame. The 
entire apparatus, with stopcock 1 closed, is once again pumped out 
until a satisfactory vacuum is obtained. 

A small water sample of approximately 6 mg is now introduced 
into the sample container A by means of a micropipet. Stopcock 4 
is closed; the solid-carbon dioxide mixture is placed around the 
U tube B; stopcock 1 is opened; and the entire sample is transferred 
under vacuum to the U tube. In warming container A to assure com¬ 
plete transfer of the sample, care must be taken that the ground-glass 
joint is not heated sufficiently to melt the grease. Melting the grease 
may not only permit air to leak into the apparatus but may also intro¬ 
duce organic material into the decomposition bulb C. Either impurity 
will cause some dilution with a resulting error in the analysis. No 
trouble should arise from this source, however, if a low-vapor- 
pressure stopcock grease is used and if ordinary care is exercised 
during the transfer. 

After the sample is transferred from container A, stopcocks 1 and 
2 are closed, and the solid-carbon dioxide mixture is removed from 
around the U tube B. The water sample is allowed to diffuse past 
the tungsten filament. As the gas diffuses past the filament, the fila¬ 
ment is flashed about five times at 2-sec intervals. As during the 
flushing process, this diffusion is facilitated by placing a small piece 
of solid carbon dioxide on the wall of the reaction flask directly above 
the filament and warming the U tube gently. In order to avoid heating 
the walls of the reaction flask, the filament is not left on continuously 
during the diffusion process. The reason for not doing so is dis¬ 
cussed later. After flashing the filament about five times, the solid 
carbon dioxide is removed from the top of the reaction vessel, the 
solid-carbon dioxide mixture is once again placed around the U tube, 
and the reaction vessel is heated gently. During this process the 
filament is once again flashed. Throughout this whole decomposition 
process, the tungsten filament should not be overheated, nor should 
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the time of heating be too long, for reasons to be discussed later. 
Walls of the reaction chamber should at all times be cool enough to 
touch. The walls of the reaction vessel become covered with a blue 
layer of tungsten oxide during the cracking process. 

With the freezing mixture still about the U tube B and with stop¬ 
cock 3 closed, the hydrogen is then transferred by the Toepler pump 
from the reaction flask C to the gas-sample bulb D. After trans¬ 
ferring the entire hydrogen sample from the flask C, stopcock 2 is 
closed, and the solid —carbon dioxide mixture is removed from around 
the U tube B. If any water or ice is noted in the apparatus, the above 
cracking procedure is repeated. 

The following precautions and limitations must be kept in mind if 
the tungsten decomposition method is to be used with accuracy: 

1. The concentration range over which any one decomposition ap¬ 
paratus is used must be limited. Four different sets of apparatus 
were used at the laboratories at Trail to decompose waters covering 
the concentration range from 0.014 to 0.45 mole % deuterium. The 
apparatus used to analyze normal water, for example, was used for 
the range from 0.014 to 0.055 mole % deuterium. If the apparatus is 
used over a range that is too wide, even repeated flushing will not 
eliminate completely the effects of hold-up. 

2. The same flask C around the filament should not be used for 
more than a relatively few samples. At the Trail laboratories, the 
reaction bulb was changed at least after every three samples. This 
was necessary because the blue tungsten oxide coating may cause 
errors due to hold-up; the possible error increases with the thick¬ 
ness of the coating. The bulb is washed after use and is then well 
dried. It is interesting to note that when the tungsten decomposition 
method was tried in the Columbia University laboratories, the bulb 
was changed after each sample. This was necessary because the 
filament was permitted to glow for periods of at least 10 min. The 
resulting oxide layer on the glass was then relatively thick. 

3. Graff et al. found that heating the reaction bulb intensively, 
either during the conditioning period or while decomposing the sam¬ 
ple, leads to a decreased precision. It may be that heating the glass 
bulb until quite hot drives off the surface layer of flushing gas and 

vapor and substitutes instead water from the glass. This water will 
usually dilute the sample. 

Following the experimental procedure just described, with due 
consideration for the precautions necessary to obtain reproducible 
results, Graff and coworkers 4 checked the accuracy of the tungsten 
decomposition method, using waters of known deuterium content. 
Aliquots of the waters were decomposed by the tungsten procedure, 
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and then the resulting gas samples were analyzed on a Nier II mass 
spectrometer (Chap. 3). The agreement between calculated and ob¬ 
served mole per cent deuterium was good, as may be seen from the 
data in Table 4.1. 


Table 4.1—Accuracy of Tungsten Decomposition Method 


Standard sample 
(calculated), 

Analysis, mole % D 

mole % D 

Observed 

Average 

0.054 

(0.0551 

10.0531 

0.054 

0.090 

(0.086) 

10.087] 

0.086 5 

0.118 

(0.116) 

I 0 .II 8 ) 

0.117 

0.203 

(0.202) 
lo .206 J 

0.204 

1.006 

0.99 

0.99 

Table 4.2 —Comparison of Analytical Methods 


Sample 

Falling-drop 

Mole % deuterium 

Tungsten decomposition 

• 

Equilibration 

1 


0.065 

0.061 

2 


0.395 

0.405 

3 

0.721 

0.713 


0.654 standard 

0.650 

0.661 


1.665 standard 

1.661 


1.67 

4 

0.382 

0.380 

0.386 

5 

0.789 

0.765 

0.792 


The tungsten decomposition method was also cross-checked by 
Brooks 4 with two other methods of analysis, the equilibration and 
falling-drop techniques which are discussed later in this and in the 
next chapter. The agreement between the various analyses is rea¬ 
sonably good. The equilibration method, if used correctly, may be 
considered a precision method of analysis. The data are shown in 
Table 4.2. 

The tungsten decomposition method has been used in the labora¬ 
tories at Trail for routine analysis of small samples. 2 The technique 
of flushing and of decomposing the sample is exactly as described 
above. Each unknown is decomposed in duplicate, and immediately 
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thereafter a standard water of approximately the same deuterium 
content is also decomposed in the apparatus. The gases from the 
unknown sample and from the known liquid standard are then analyzed 
by 'the mass spectrometer in successive order. This procedure is 
thought necessary by Brooks 4 in order to assure that the same tech¬ 
niques are used in preparing the unknown and standard. 

4. DECOMPOSITION OF WATER BY ZINC AND ZINC COMPOUNDS 

4.1 Introduction . It is well known that some metals such as iron, 
magnesium, and zinc do not react with cold water to any appreciable 
extent but that they react rapidly with steam at elevated tempera¬ 
tures. At relatively low temperatures zinc, either by itself or to¬ 
gether with other substances, reacts quite readily and completely 
with water vapor to liberate hydrogen. Zinc has therefore been made 
the basis for various methods of decomposing water to form hydrogen 
samples for analysis. The advantages of the zinc method are similar 
to those of the tungsten-filament method. It is possible to use only 
very small samples, and the time required for preparation of a gas 
sample for analysis is relatively short. This method, however, also 
requires complete conversion of the water sample to assure against 
fractionation during decomposition. The zinc method has advantages 
over the tungsten-filament method in that (1) a catalytic oxide is not 
formed during the decomposition reaction and (2) literally dozens of 
analyses may be made with one apparatus without changing any part 
of the apparatus or exposing more than the water-sample container 
to the atmosphere. One apparatus can be used with waters having 
quite a large variation in deuterium concentration provided that the 
transition from one concentration to another of a different order of 
magnitude is done in small steps. This method of conditioning the 
apparatus is discussed later in this section. 

4.2 Use of Zinc Alone . Zinc by itself has been used by various 
laboratories to prepare hydrogen samples for mass-spectrometer 
analysis. The methods used in these laboratories differ merely in 
detail, and consequently only typical procedures will be described 
here. One modification of the method that will be described is for 
use with fairly large samples (several cubic centimeters). The other 
modification is for use with microsamples of water (about 6 mg). 

( g ) Typie al Procedure f or Large Water Samples . Johnston 5 used 
zinc for the decomposition of relatively large samples of water. The 
principal part of his apparatus consists of a glass tube 1 ft long and 
1 m. in diameter. This tube is filled with a good grade of chemically 
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pure granulated zinc. A water-sample bulb is attached at one end of 
the tube, whereas at the other end is a liquid-air trap followed by a 
Toepler pump which has provisions for gas sampling or gas storage 
bulbs. The apparatus can be evacuated by a diffusion pump. The 
entire system is built of pyrex glass. Pyrex can be used since in all 
cases the apparatus could not be heated beyond 419°C, the melting 
point of zinc. Overheating the apparatus and melting the zinc would 
decrease the exposed zinc surface and thus slow down the rate of 
reaction appreciably. 

Before any water vapor is passed through the zinc, the tempera¬ 
ture of the tube and its contents is raised to about 400°C, and the 
system is evacuated to a pressure of approximately 5 x 10“ 5 mm Hg. 
Water vapor is then allowed to diffuse through the zinc at a speed 
which is determined by the completeness of the reaction. The liquid- 
air trap that is placed beyond the outlet of the tube serves to con¬ 
dense any water vapor that may pass through the zinc tube unde¬ 
composed if the rate of diffusion is too great. The hydrogen gas is 
removed by means of the Toepler pump nearly as rapidly as the gas 
that is formed. The rate at which it is necessary to pass water 
through the tube in order to assure complete decomposition is de¬ 
termined empirically. With the particular apparatus used, approxi¬ 
mately 2 to 3 ml of water can be passed through the zinc in about 
% hr. When the water contained in the pyrex sample bulb on the inlet 
side of the zinc tube is allowed to vaporize spontaneously (by pumping 
out hydrogen gas at the other end of the combustion tube), the vapor 
is completely decomposed in passing through the tube, and no mois¬ 
ture is collected in the liquid-air trap. If, on the other hand, the 
sample bulb containing the water is flamed in order to volatilize the 
water more rapidly, some water vapor passes undecomposed through 
the hot zinc. Obviously, the rate at which the water vapor maybe 
reduced by this process depends upon the dimensions of the tube con¬ 
taining the zinc. By proper modifications of the apparatus, the rate 
of reaction can be made to be quite high. The rate of reaction also 
depends upon the temperature of the zinc. Johnston found it best to 
operate his apparatus above 400°C for this reason and also in order 
to ensure decomposition of the zinc hydroxide that might be formed. 
It is not feasible to operate the zinc decomposition apparatus at tem¬ 
peratures beyond 419°C, the melting point of zinc. As previously 
mentioned, melting the zinc decreases the exposed zinc surface and 
thus slows down appreciably the rate of decomposition. 

The apparatus and procedure just described were used by Johnston 
for preparing deuterium for work on surface catalysis. He reports 
no hold-up at all in his apparatus. Free water was rapidly converted, 
and little or no zinc hydroxide existed at the temperatures used. 
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(b) Typical Procedure for Small Water Samples . An apparatus for 
microsamples was used by Brooks, Graff, and coworkers 4 at the lab¬ 
oratories at Trail. The apparatus, constructed of glass and quartz, 
is shown in Fig. 4.2. The apparatus consists of a small pyrex-glass 
sample container A, two U tubes B and C, a glass tube D containing 
the zinc filings, a quartz tube E, and a furnace F for heating the tube 
and zinc filings. The apparatus also includes a Toepler pump for 
transferring gas samples and a high-vacuum pumping system. 


TO TOEPLER 



Fig. 4.2 Zinc decomposition apparatus. 


As in the tungsten-filament method, the apparatus is well evacuate, 

and conditioned by flushing before use. This flushing is necessan 

efore each sample only if high precision is desired or if sample! 

enng more than slightly in deuterium content are analyzed om 

after the other. For routine work in a limited concentration range 

flushing is necessary only after exposure of the inner tube to th< 

atmosphere, and this exposure should ordinarily occur only when th( 

zmc is changed. During the evacuation the zinc is kept at an operatint 
temperature of 350 to 400°C. operating 

l 0 ^ r ‘ he ?' 5te f m is ^cuated, it is conditioned by flushing with . 
10-mg sample of water. The water is added to container a k! * 

of a capillary pipet. Stopcock 1 is closed during this nroceZ 
tainer A is then returned to the apparatus and Process. Con- 

with a solid-carbon dioxide mixture. The ’sample chlmberWevac- 
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uated via stopcocks 1, 2, and 3 and lead G. Then with stopcock 2 
closed, the water is allowed to vaporize and is frozen into U tube B 
with a solid-carbon dioxide mixture. Container A is warmed gently 
with the hand in order to facilitate the vaporization. After transfer¬ 
ring the sample completely, stopcock 1 is also closed, and the Dewar 
flask with the solid-carbon dioxide is transferred from B to C. The 
water sample is thus permitted to diffuse from B through the hot zinc 
filings into C. Any water undecomposed during this diffusion process 
is frozen out of the gas phase at C. Stopcock 2 is then opened to the 
Toepler system, and the hydrogen gas formed by the decomposition 
of the water over the zinc is transferred into the gas-sample bulb by 
the Toepler pump or else removed by the vacuum pumps. Stopcock 2 
is now closed, and stopcock 1 is turned to connect B with the Toep¬ 
ler system. The solid-carbon dioxide mixture is transferred from 
around C to around B, and the undecomposed water is thus permitted 
to diffuse through the hot zinc once again. This second passing of the 
water vapor over the hot zinc is generally sufficient to decompose 
completely the remaining water, but, if not, the process may be re¬ 
peated until no water remains. The entire system is again evacuated. 

After flushing and reevacuation, a small sample of about 6 mg is 
placed into the water-sample container A. The procedure for de¬ 
composition is the same as that just described, except that the hydro¬ 
gen gas collected is not pumped out by means of the vacuum pumps. 
If water of very high deuterium content is to be analyzed, a slightly 
modified conditioning procedure is followed. If, in this case, the 
system has been opened to air or if normal water vapor has come in 
contact with the zinc filings, then the furnace is removed and the 
heated tubes are cooled. A larger sample is placed in the sample 
container, and the system is evacuated following the usual procedure. 
With the stopcock to the pump and Toepler system closed, stopcock 1 
is opened, and the water sample is condensed on the walls of the 
quartz tube and on the zinc filings. The furnace is then replaced and 
heated up, and the vapor together with the gas formed is pumped out. 

The zinc decomposition apparatus has been somewhat modified. It 
is this modified apparatus which was used in the Columbia University 
laboratories. As can be seen from Figs. 4.3 and 4.4, a small ground- 
glass joint has been substituted for the inner ring seal connecting 
the zinc tube to the rest of the apparatus. Moreover, pyrex glass 
has been substituted for the quartz tube. Both the small and large 
ground-glass joints in Fig. 4.3 are made vacuumtight with Apiezon W 
wax. No grease whatsoever should come into contact with these 
joints. The stopcocks in the apparatus are greased with a minimum 
amount of grease. In attaching water-sample container A to the ap- 
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paratus, a little grease is used on the upper part only of the small 
ground-glass joint, as was the case in the tungsten-filament decom¬ 
position apparatus. 

The tungsten-filament decomposition method and the zinc decom¬ 
position method have been compared at the Trail laboratories. 4 
Their data are shown in Table 4.3. The zinc decomposition method 
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Fig. 4.3 Zinc decomposition apparatus used at Columbia University. 


has been compared with the equilibration method (see following) by 

Kirshenbaum et al. 6 in connection with the work on the natural abun- 

dance of deuterium in various waters. The agreement, which was very 

good, is discussed in detail in Chap. 6. Several typical results are 
summarized in Table 4.4. 

.. 4-3 gfg of Zinc and Calcium. One of the earliest applications of 
the zinc decomposition method was that of Grosse,* who used a mix¬ 
ture of calcium oxide and zinc. This method 7 > a was used to calibrate a 
Westinghouse mass spectrometer at the Esso Laboratories at Baton 

reTctL ™ S * Ub “‘ tta « the hydr( * en is - on !he 


‘Discussed by Walden. 7 
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Zn + CaO + H 2 0 = CaZnC^ + H 2 

The apparatus used by Walden is shown in Fig. 4.5. A mixture of dry 
lime and zinc dust in stoichiometric proportions is formed into pills 
of 3 /ie in. diameter. The pills are charged into tube B, which is then 
evacuated by a diffusion pump and heated in an electric furnace to 



Fig. 4.4— Zinc decomposition apparatus used at Columbia University. 


about 550°C. Pumping is continued until no more gas is liberated. It 
is presumed that after this thorough outgassing, all the water origi¬ 
nally present in the lime has been decomposed. This assumption is 
based on the fact that the partial pressure of water over Ca(OH) 2 , i.e., 

Ca(OH) 2 ~ CaO + H z O 
is greater than 1 atm at 550°C. 

After the apparatus is completely outgassed, a few drops of the 
sample of water to be analyzed are placed in sample container A. 
During this process, stopcocks 1 and 2 are closed. Then, as in the 
procedures outlined for the other zinc methods, container A is re- 
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placed on the apparatus, the sample is frozen with a solid —carbon 
dioxide mixture, and the sample container is evacuated via stopcock 1. 
Following this, stopcock 1 is closed, and the sample is allowed to 


Table 4.3—Comparison of Tungsten and Zinc Decomposition Methods 

Mole % deuterium 

Sample Tungsten decomposition Zinc decomposition 

1 0.046 0.043 

0.044 

2 0.026 0.025 

0.025 

3 0.055 0.056 

4 0.097 0.098 

5 0.176 0.173 


Table 4.4—Comparison of Zinc Decomposition Method and Equilibration Method 

Mole % deuterium 


Sample 

Zinc decomposition 

Observed Average 

Equilibration 

Observed Average 

Grand 

average 

Hudson River at 

Glens Falls, N. Y. 

0.0145 

0.0145, 

0.0145 

0.0148 

0.0146 

m 

0.0147 

0.0146 

Lake Ontario 

0.0146 

0.0146, 

| 0.0146 

0.0146 

0.0147, 

0.0146, 

0.0146 

Atlantic Ocean 

0.0150 

0.0150 

0.0150 

0.0147 

0.0149 

0.0148 

0.0149 

Water from oil well 
of Associated Oil 
at Ventura, Calif. 

0.0144 

0.0145 

0.0150 

0.0154 

0.0154 

0.0149 

0.0151 

0.0152 

0.0152 

0.0153 

0.0152 

0.0151 


wsirm U p to room temperature. Stopcock 3 is then closed, and stop¬ 
cock 2 is opened. The pressure indicated by the manometer P in¬ 
creases promptly by an amount equal to the vapor pressure of water 
a room temperature. The mercury in tube D is then drawn down 
slowly by means of the leveling bulb E. During this phase of the 
process the pressure remains practically constant. When the mer¬ 
cury is drawn down to the bottom of D, stopcock 4 is closed, and the 
mercury level in D is raised to the level of stopcock 5. During ms 



204 PHYSICAL PROPERTIES AND ANALYSIS OF HEAVY WATER 

process, the pressure increases. Stopcock 5, which has previously 
been opened, is then closed, and the mercury level in D is dropped 
until the pressure is reduced to about that of the vapor pressure of 
water. Stopcock 4 is then opened, and the mercury level is lowered 
slowly to the bottom of D. Stopcock 4 is closed, and stopcock 5 is 



Fig. 4.5 — Zinc-calcium oxide decomposition apparatus. A, liquid-sample tube. B, 
reactor tube. C, gas-sample tube. D and E, mercury piston pump. P, open-end ma¬ 
nometer. 


opened again. The mercury level in D is raised. Tubes C and D are 
so proportioned that about two strokes of the mercury piston are 
needed to fill C, which has a capacity of about 5 ml at 1 atm pressure. 

The completeness of the conversion of the water vapor to hydrogen 
is indicated by the fact that no water has ever been observed to con¬ 
dense out during the 30- to 40-fold compression of the gas by the 
mercury piston. Moreover, samples prepared as just described were 
admitted to the mass spectrometer directly without previously pass¬ 
ing the gas through a solid —carbon dioxide trap. Only a very slight 
increase of the background mass-18 peak was observed. 

After preparation of a sample, bulbs A and C are removed, and, 
without cooling the apparatus, another sample is prepared immedi¬ 
ately. The amount of zinc-lime mixture in tube B is sufficient for the 
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preparation of many thousands of such water samples. The apparatus 
pumps out promptly and exhibits little memory of the previous sam¬ 
ple, even when succeeding samples are of quite different composition. 
The apparatus is always flushed before each new water sample is 
admitted. This flushing procedure consists in admitting water vapor 
from a new water sample to tube B and then evacuating the entire 
system. This process is repeated several times before a gas sample 
is collected. The entire time required to prepare a sample, once the 
furnace is hot, is about 15 min. The microzinc method previously 
described also requires about the same time for an analysis. The 
temperature used for the zinc-lime conversion is low enough for 
tube B to be an ordinary pyrex combustion tube. Even at this tem¬ 
perature, there is considerable sublimation of zinc into the cold ends 
of the tube. At higher temperatures, the zinc distills out of the hot 
zone quite rapidly. The operating temperature for this conversion 
method should be compared to the approximately 400°C used with the 
zinc decomposition procedures. Even in those procedures, some 
sublimation of the zinc was observed.* 


5. ANALYSES FOR HYDROGEN-ISOTOPE CONTENT BY EQUILIBRATION 

WITH HYDROGEN 


5.1 Introduction . The methods just discussed have all involved 
decomposition of the water sample to be analyzed. There is, how¬ 
ever, no need to convert the water samples to gaseous hydrogen for 
analysis. Methods have been developed for equilibrating the water 
samples with hydrogen or deuterium gas in the presence of a plati¬ 
num catalyst. The equilibrated gas samples are then analyzed on the 
mass spectrometer, and the original deuterium content of the water 
sample is calculated from this analysis, using the appropriate equi¬ 
librium constant (Chap. 2). 


In 1935 Farkas used equilibration with hydrogen as a method for 
the analysis of water. In his method, 0.1 to 0.2 ml of water was in¬ 
troduced into a tube containing a platinum filament. The system was 
evacuated, and hydrogen (or deuterium) was introduced at about 
10 mm Hg pressure (0.2 ml of hydrogen at normal temperature and 
pressure). The water was kept at 20°C, and the platinum filament 

ne a riodTc a e n T* ^ SampleS ° f the -re removed 

periodically and analyzed for deuterium content by a microthermal- 


*Knowlton and Rossini® 
oxide by passing the water 


liberated deuterium gas from a pure sample of 
vapor over magnesium powder at 480°C. 


deuterium 
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conductivity method. 11 ’ 12 The equilibrium was found to be established 
within a few minutes. 

The equilibration method was used by Rittenberg 13 later in the study 
of exchange reactions; equilibrium between hydrogen and water was 
established with a platinum catalyst and a suitable peptizing agent. 
Crist 14 suggested that an equilibration method at or near room tem¬ 
perature be used for the analysis of water for its deuterium content. 
He proposed the use of hydrogen as the equilibrating gas. Using the 
procedures and apparatus already in use in Rittenberg’s labora¬ 
tories, Smith, Hutchison, and Judson 15 developed the equilibration with 
hydrogen as a routine method for analysis. A modification of this 
method was studied by Joris 17 at the Princeton University labora¬ 
tories. The method as investigated by Smith et al. was adopted with 
little or no modification by the various laboratories working with 
heavy water. Subsequently, Crist and Kirshenbaum 18 suggested cer¬ 
tain modifications whereby the equilibration method could be applied 
• for waters with any deuterium content. It is this modified procedure 
which was used at Columbia University and other laboratories. 

The analysis of water by equilibration with hydrogen or deuterium 
is one of the most reliable methods as yet devised for precision 
analysis using the mass spectrometer. This method has the advantage 
of being capable of giving very precise results without involving the 
use of elaborate equipment or highly specialized techniques. Since, 
however, analysis by hydrogen equilibration is a precision method, it 
is absolutely necessary that certain precautions be taken in analyzing 
by this method. These precautions are discussed later. Proper ap¬ 
plication of the method also requires the services of well-trained 
technicians. These requirements for obtaining good results are usu¬ 
ally necessary for any precision method. 

5.2 Analysis of Water with Deuterium Content between About 0.014 
and 3 Mole Per Cent, (a) Procedure . From 0.5 to 5 ml of the puri¬ 
fied water sample, 6 mg of platinum oxide, and 2 mg of fumaric acid 
are placed into an equilibration flask of about 30 ml capacity. The 
fumaric acid acts as a peptizing agent for the platinum oxide catalyst. 
As may be seen from the sketch in Fig. 4.6, the equilibration flask is 
fitted with a ground-glass joint and a stopcock. It is absolutely nec¬ 
essary that the water sample being analyzed be very pure* before it 
is placed into the equilibration flask. The purification of the water 
will be discussed later. The sample in the equilibration flask is 


*The purity necessary depends upon the desired accuracy of analysis. The proce¬ 
dure described here is suitable for the analysis of water containing 0.0140 mole % 
deuterium, with an uncertainty of ±0.0002 or 0.0003 mole %. 
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frozen with a solid-carbon dioxide mixture, and air is removed by 
evacuation on a high-vacuum line. The water is then outgassed by 
alternate thawing and freezing, with pumping only when the water is 
frozen. This outgassing usually requires at least three cycles. The 
water sample is considered completely outgassed if, after thawing 



Fig. 4.6—Equilibration flask. This flask is similar to that used by H. D. Hoberman 
and D. Rittenberg [J. Biol. Chem., 147: 211 (1943)]. 


and then freezing without additional pumping, an air discharge is not 
observed with a Tesla coil. Only the blue discharge due to water 
should be evident. Tank hydrogen is then admitted under a pressure 
of approximately 1 atm. As is shown later, the actual pressure need 
be known only when the volume of the water sample is less than 1 ml. 
A correction, calculable from the law of mass action, must then be 
applied before the final answer is obtained. On removal of the equUi 
brating flask from the vacuum line, the flask is shaken in a water 
bath thermostatically controlled at 25 »C for a minimum time inter- 

™ S mte 1/ rv K al - “ originally specified by Smith, Hutchison, and 
Judson, was V, hr. Work in the various laboratories has indicated 
that, in everyday use as an analytical method, it is not always pos- 



208 


PHYSICAL PROPERTIES AND ANALYSIS OF HEAVY WATER 


sibleto follow the extreme precautions taken in the research work in¬ 
volved in the development of the method as to purity of water sample, 
cleanliness of glassware, etc. (see following). This inability to use 
research techniques at all times during routine analyses makes it 
advisable to have a shaking interval of not less than several hours. 
Kirshenbaum, Graff, and Forstat 6 recommend at least 3 hr of shaking, 
although many of their samples were at equilibrium after V 2 hr.* 
The water bath is kept constant to ±0.1°C or better. Of course,-any 

convenient equilibration temperature other than 25°C may also be 
used. 

At the end of the shaking period, the equilibration flask is trans¬ 
ferred from the water bath to the vacuum line in a Dewar flask filled 
with water. With no attempt made to free the gas sample of water 
vapor, the gas is allowed to expand into a comparatively large evacu¬ 
ated bulb and is then compressed by means of a Toepler pump into an 
evacuated gas-sample bulb. This expansion of the gas is done very 
slowly by cautious opening of the stopcock on the equilibration flask. 
It is absolutely necessary that, after equilibration, the liquid-gas 
system in the presence of the catalyst be kept at 25°C until the gas 
sample is completely removed. The use of the Dewar flask around 
the equilibration flask is to assure maintenance of the proper tem¬ 
perature. 

The hydrogen gas is analyzed on a mass spectrometer. The mass 
spectrometer is protected by a solid-carbon dioxide or liquid-nitro¬ 
gen trap in order to remove the water vapor from the gas. The per¬ 
centage of deuterium in the water is related to the HD/H 2 ratio in the 
equilibrated gas by the expression t 


*Here again the accuracy desired is a determining factor. See Sec. 7 for further 
discussion. 

tThis expression is sometimes written as 

Mole per cent D = 

where K, is the equilibrium constant for the homogeneous-gas reaction 

H 2 0(vapor) + HD(gas) - HDO(vapor) + H a (gas) 
and P H,o/ p HDO ls the ratio of the vapor pressures of H a O and HDO. 





ANALYSIS OF HEAVY WATER BY THE MASS SPECTROMETER 209 


Mole per cent D = 


50KJ 


(HD) 

(Ha) 


1 + Kj 


(HD) 

(H a ) 


This expression holds only for water of low deuterium content in 
which the D 2 0 concentration can be neglected in comparison with the 
HDO concentration. The factor Kj is the equilibrium constant for the 
two-phase reaction 


H 2 0(liq) + HD(gas) r HDO(liq) + H 2 (gas) 


and was discussed in Chap. 2. Values for this equilibrium constant at 
various temperatures are given in Table 2.11. At 25°C, KJ is 3.87. 
The derivation of this expression relating the mole per cent deute- 
rium4n the water with the mass-spectrometer analysis of the equili¬ 
brated gas is simple and straightforward. 

(b) Derivation and Application of Formula. 


H z O(liq) + HD(gas) s HDO(liq) + H 2 (gas) 



(hdo)] ray] 
(H*0) J L(HD)J gas 


Dropping subscripts and inverting, 


(HgO) 1 

(HDO) (HD) 

Kl W 

or, adding 1 to both sides and multiplying by 2, 


(HDO) + (H s O)] 

- o 

i. 1 

(HDO) J 

— u 

K' (HD > 

Kl (H 2 ) 


Clearing fractions, reinverting, and multiplying by 100 gives 


lOO(HDO) _ 
2 (HDO) + 2(H 2 0) " 


50K,' 


(HD) 

(H 2 ) 


i + k; 


(HD) 

(H,) 
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but 


Mole per cent D = lOO(HDO) 

2(HDO) + 2(H z O) 


Substituting gives 


Mole per cent D = 




For sufficiently small deuterium concentrations, this expression 
simplifies to 


Mole per cent D = 50KJ 


(HD) 

(H 2 ) 



It is evident from this derivation that the tacit assumption has 
been made that the deuterium content of the water at equilibrium is 
the same as that of the unequilibrated water. This is, however, not 
strictly so. The deuterium content of the water is generally changed 
by the equilibration process. For all waters other than those having 
an extremely low deuterium content, some deuterium is removed 
from the water during equilibration by tank hydrogen, and conse¬ 
quently the mole per cent deuterium as given by the above formulas 
is slightly low. The correction to be applied can be calculated from 
the law of mass action. In the case of 30 ml of tank hydrogen at 1 atm 
pressure, the corrections to be applied are (1) 1 part in 1,000 for a 
5-ml sample, (2) 6 parts in 1,000 for a 1-ml sample, and (3) 12 parts 
in 1,000 for a 0.5-ml sample. These corrections need to be applied 
only when small samples of water are used (for most work, water 
samples less than 1 ml in volume). As is discussed later, the method 
of analysis proposed by Crist and Kirshenbaum obviates the need for 
such corrections. 

(c) Purification of Water Sample . The decomposition methods of 
analyzing water for its deuterium content do not require that the 
samples be of high purity. However, it is true that in some, if not 
most, cases it may be advisable to purify a sample of water before 
decomposing it. This is especially true of samples containing volatile 
organic compounds. But Kirshenbaum et al., 6 for example, success¬ 
fully analyzed unpurified samples of water from the Hetch Hetchy 
Aqueduct in California and from Lake Superior by means of the zinc 
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decomposition method. A summary of their data is given in Table4.5. 
Some of their samples were purified before analysis. This is further 
discussed in Chap. 6. 

The equilibration method of analysis usually requires that the 
sample of water being analyzed be of very high purity.* This is nec¬ 
essary in order to assure the absence of impurities that either poison 


Table 4.5—Analysis of Certain Waters without Purification 

(Zinc decomposition method) 


Mole % D 


Sample 

Purified 

Unpurifted 

Remarks 

Hetch Hetchy 

0.0140 

0.0140 

Average of nine 

Aqueduct (Calif.) 

0.0142 

0.0141 

aliquots was 


0.0147 

0.0145 


0.0143 ± 0.0003 

Lake Superior 

0.0146 

0.0146 

Average of nine 


0.0145 

0.0146 

aliquots was 
0.0146 ± 0.00005 


the catalyst or coagulate the colloidally dispersed platinum oxide. If 
either occurs, equilibrium will not be attained in a reasonable length 
of time. The method of purification must be such that neither isotopic 
dilution nor isotopic fractionation occurs during the purification pro¬ 
cedure. There are a number of different ways of purifying a water 
sample for analysis by the hydrogen-equilibration method. These 
methods of purification may perhaps be best understood by examining 
several typical ones in detail. 

(1) Vacuum Distillation from Alkaline Permanganate . Approxi¬ 
mately 20 ml of water placed in a small distillation flask fitted with a 
ground-glass joint is made alkaline with a small amount of sodium 
metal. A few crystals of potassium permanganate are added to the 
water. The flask is attached to a high-vacuum line, and the water 
sample is outgassed (by alternate freezing, pumping, and then thaw¬ 
ing) in a manner quite similar to that already discussed for the equi¬ 
libration procedure. The water is then slowly distilled under vacuum 
rom the distillation flask at room temperature to a receiver at 
water-ice temperature. In some cases it is advisable to assure that 
the last traces of the water sample have been distilled over by sub¬ 
string a solid-carbon dioxide bath for the water-ice bath at the 


*See, however, Sec. 7. 
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very end of the distillation. This method of purification is discussed 
again in Chap. 5, where the analysis of heavy water by the interfer¬ 
ometer is considered. There is included in Sec. 3.6 of Chap. 5 a dis¬ 
cussion of the methods of adding sodium metal to the water sample, a 
full description of the vacuum-distillation apparatus, etc. The tech¬ 
nique required for the purification of 2-ml water samples is also 
described. In some cases it is advisable to follow the vacuum distil¬ 
lation by another vacuum distillation without addition of alkali or 
permanganate. 

(2) Ordinary Distillation from Alkal ine Permanganate. Several 
crystals of potassium permanganate are added to several hundred 
milliliters of water, and the solution is made alkaline with a small 
quantity of sodium metal. The mixture is refluxed for several hours 
and then distilled slowly at 1 atm. Sometimes this distillation is 
followed by another distillation from chromic acid or by an ordinary 
vacuum distillation. All distillations are conducted very slowly in 
order to prevent any carry-over of droplets of liquid by the vapor. 
The use of several hundred milliliters of sample minimizes any 
error that might arise from incomplete distillation. 

(3) Distillation Over Hot Copper Oxide . The apparatus used for 
this purification method is shown schematically in Fig. 4.7. This 
apparatus has to be conditioned before each sample. A small aliquot 
of the sample to be purified is put into flask A and is distilled under 
operating conditions. The apparatus is then dried thoroughly. A 
bunsen-burner flame or electric heating coils are used to heat the 
exposed glass surfaces. Live steam passed through the condenser 
jacket serves to dry the inner tube of the condenser. 

After proper conditioning and drying of the apparatus, approxi¬ 
mately 50 ml of sample is placed into flask A, and a few grains of 
barium oxide powder and several crystals of potassium permanganate 
are added to the water. The boiler of flask A is then heated gently 
with a bunsen burner, and the water vapor is passed through the cop¬ 
per oxide furnace, which is maintained at about 400°C. This hot cop¬ 
per oxide serves to oxidize all volatile and oxidizable impurities that 
may escape the action of the alkaline permanganate. The distillate 
is collected in flask D via the cold-water condenser C. The last 
traces of the water sample are transferred to the receiving flask D 
by applying a partial vacuum at E and at the same time passing steam 
through the jacket of the condenser C. 

Owing to the possible hold-up of water in the copper oxide furnace 
and on the extensive glass surface, it is necessary to purify rather 
large water samples in order to minimize dilution and fractionation 
errors. The dilution errors are further minimized by the condition¬ 
ing process. No change in mass-spectrometer reading, other than the 
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usual experimental error, was observed with a sample of Columbia 
University distilled water sent through this purification procedure six 
times in succession and analyzed by the equilibration method. It is 
recommended that for waters with increased deuterium content (well 
above normal) the more elaborate purification methods discussed 



(250 mn „ Apparatus ^ d ' stlllatlon o' water over hot copper oxide. A, distilling flask 
( ). B, copper oxide furnace. C. condenser (300 mm). D, collecting flask. 


later be used. As in all other purification methods, it is usually best 
to purify samples in duplicate. auy Dest 

There are numerous other methods of purifying water for analysis 
present” 7 “'""° 

K.'ffJS rjs.it sstsr-, 10 

rta content « aatnpta ZTJ L T'¥* *7 
precautions M »,U „.. a b , « e „ a „ lne '=” r “» 
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(d) Variations in Procedure . A series of experiments was carried 
out by Smith, Hutchison, and Judson 15 and by others to determine the 
conditions under which satisfactory analyses can be made. Unless 
noted otherwise, data given in this section are those of Smith et al. 

(1) Catalyst . The catalyst studied was platinum oxide (Adams’s 
catalyst). Three different samples were tried; one was furnished by 
Baker and Company, one was obtained from A. D. McKay, and the 
third was borrowed from D. Rittenberg, of the College of Physicians 
and Surgeons, Columbia University. Although, in addition, two of the 
samples of the catalyst had been used in a laboratory whose air was 
contaminated with volatile sulfur compounds, no differences were 
observed in the activity of the three catalyst samples. 

Quantities of platinum oxide between 1.3 and 17 mg were found to 
be effective in the equilibration of 5-ml water samples. The results 
of three experiments, in which 0.5 and 0.7 mg of catalyst were used 
with 5 ml of water, were about 0, 10, and 40 per cent low. The upper 
limit of catalyst quantities was not investigated. When small amounts 
of catalyst were used, visible peptization (the appearance of a dark 
color dispersed throughout the solution) was absent. But this visible 
peptization did not seem to be essential to the attainment of equi¬ 
librium. The use of about 5 mg of catalyst for water samples not 
exceeding 5 ml should be satisfactory. Typical data are given in 
Table 4.6. 

(2) Peptizing Agent . Fumaric acid (practical grade, recrystallized 
once from water) was used to peptize the catalyst in most of the ex¬ 
periments. Maleic acid (technical grade, recrystallized four times 
from water with activated carbon) was found to be equally effective. 
The average results obtained are given in Table 4.7. 

Quantities of fumaric acid between 1 and 14 mg were found to be 
effective in the equilibration of 5-ml water samples. Neither upper 
nor lower limits have been determined for this quantity. Typical 
results are shown in Table 4.8. The use of maleic anhydride as a 
peptizing agent is discussed in Sec. 5.3c. 

(3) Size of Water Sample. Water samples from 5 ml down to 0.3 ml 
have been successfully analyzed without changing the size of the equi¬ 
librating flasks. An advantage of the larger samples is that the cor¬ 
rection for the amount of deuterium removed during exchange is 
minimized. Another advantage is that dilution during purification and 
handling is minimized. Typical results are shown in Table 4.9. 

(4) Time of Equilibration . A series of experiments carried out by 
Smith, Hutchison, and Judson 15 with stock solutions of water with 
suitable deuterium content showed that equilibrium had not been 
reached after shaking for less than 20 min. Samples that were shaken 
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Table 4.6—Effect of Amount of Catalyst 

Number of 

Catalyst, mg Mole % D analyses 


17 

0.837 

13 

0.851 

6 

0.850 

4 

0.853 

1.3 

0.860 

0.7 

0.855 

0.7 

0.714 

0.5 

0.554 


1 

1 

1 

1 

1 

1 

1 

1 


Table 4.7 Effect of Peptizing Agent 


Peptizing agent Mole % D 


Number of 
analyses 


Maleic acid 0.834 4 

Fumaric acid 0.839 20 


Table 4.8 — Effect of Amount of Peptizing Agent 


_ Number of 

Fumaric acid, mg Mole % D analyses 


14 

10 

5 

4 

3 

2 

1 


0.837 1 

0.853 1 

0.851 1 

0.848 1 

0.835 1 

0.850 1 

0.854 1 


Table 4.9—Effect of Size of Sample 


Water, ml 

5 

3 

2 

1 

0.3 


Mole % D 

0.850 

0.840 

0.846 

0.847 

0.855 


Number of 
analyses 

7 
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for 20 min appeared to have reached equilibrium. Their data are 
summarized in Table 4.10. 

As already pointed out, Kirshenbaum et al. 6 concluded from their 
work that, unless many duplicate experiments are performed, it is 


Table 4.10 — Equilibrium Time 


Time shaken, 
min 

Mole % D 

Number of 
analyses 

5 

0.778 

1 

10 

0.775 

1 

15 

0.793 

1 

20 

0.826 

1 

25 

0.826 

1 

60-120 

0.839 

20 

30 

1.539 

2 

60 

1.527 

7 


Table 4.11 — Precision Obtained for Various Periods of Shaking 



Average precision,* 

-—- 0 

Number of 

Time shaken, hr 

mole % D 

analyses 

1 

Well peptized 

±0.031 

10 

2 

±0.015 

8 

3 

±0.005 

3 

CO 

1 

ir> 

±0.006 

6 

Over 8 

±0.002 

2 

2 or less 

No peptization or very poor 

±0.045 

3 

5-12 

±0.005 

3 

21-55 

±0.005 

4 


*The term “precision” refers to the average deviation of a 
single observation (the a.d.). 


advisable to shake the equilibration sample for at least 3 hr. This 
same recommendation has already been made by the Metallurgical 
Laboratory 10 from work with waters of very high deuterium content.* 
Their results are shown in Table 4.11. It is also obvious that water 


*See, however, Sec. 7, in which the necessity for shaking is questioned. 
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samples in which the catalyst is poorly peptized must be shaken much 
longer than 3 hr to assure equilibration. In the case of samples with 
poorly peptized catalysts, it should be recommended that the water 
be repurified and the catalyst then well peptized before any weight is 
given to the analysis. It was found by Goren 20 that traces of air in the 
water sample interfere greatly with peptization. 

(e) Sources of Error and Limitations. As was seen in Chap. 3, the 
uncertainty of the mass-spectrometer analysis on a relative basis is 
approximately ±2 to 5 per cent. Using standards to convert from a 

Table 4.12 — Precision and Accuracy of Equilibration Method 


Equilibration 

Number 

Average 

analyses, 

of 

deviation,* 

mole % D 

analyses 

mole % D 

1.532 

13 

0.010 

0.839 

26 

0.011 

3.54 

2 

0 

1.672 

3 

0.004 


* Average deviation = Zd/n, where d is the 
n is the number of readings. 


Maximum 

Number of 

Falling-drop 

deviation, 

deviations 

analyses, 

mole % D 

>0.019 

mole % D 

0.029 

1 

1.53 

0.023 

2 

0.835 

0 

0 

3.54 

0.006 

0 

1.65 


deviation of a reading from the mean and 


relative to an absolute basis and assuming that the uncertainty in 
analyzing the standards is also approximately +2 to 5 per cent the 
error on an absolute basis is then approximately +3 to 7 per cent. 
The variation in the equilibrium constant with temperature may be 
obtained from the data in Table 2.11. The value of K, changes with 
temperature by about 0.7 per cent per degree in the vicinity of 25°C 
Regulation of the temperature to ±0.1 “C is therefore sufficient to 
eliminate temperature uncertainty as a source of error.* On either a 
relative or an absolute basis, using standards prepared by equilibra- 
tion of standard waters, the uncertainty in the absolute value of the 
equilibrium constant is of little importance. In any other case the 
uncertainty may be of importance. Crist 21 considers a probable e’rl 
m the equilibrium constant of ±1 to 2 per cent as likely with a eon- 
servative limit of 5 per cent. Combining these uncertainties an ana 
lytical result on a relative basis may be expected to have an error 
of approximately ±2 to 5 per cent. On an absolute basis, not ustag 


rrr **“ •« ■- 
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standards prepared by the equilibration process, the error is approx¬ 
imately ±4 to 9 per cent. The upper value in each case is the con¬ 
servative one. 

Actually, the precision of the equilibration method is much better 
than this discussion would seem to indicate. The results obtained by 
Smith et al., 15 as summarized in Table 4.12, show this to be true. 
This table includes all valid data obtained by them in this work. Thus 
in Table 4.12, the maximum deviation is less than 3 per cent; the 
maximum average deviation is 1.3 per cent. The data in this table 
also compare the analyses of water samples by the hydrogen-equili¬ 
bration method with the analysesby the falling-drop method (Chap. 5). 
The agreement is excellent. It must be remembered, however, that 
this agreement was obtained in very carefully done research experi¬ 
ments. In the course of careful routine analytical work, the agree¬ 
ment may not be so good. 

The application of the formula (Eq. 1) 


Mole per cent D = 


50K; 


(HD) 

(H 2 ) 


i + k; 


(HD) 

(H.) 


to the hydrogen-equilibration method assumes that the D z O and D 2 
contents of the water and gas, respectively, are negligible as com¬ 
pared to the HDO and HD contents. This limits the applicability of 
the formula to waters containing less than about 2 or 3 mole % deu¬ 
terium. Beyond that point the error due to neglecting the deuterium 
content of the equilibrated gas may be as large as the other uncer¬ 
tainties discussed previously. Application of the equilibration method 
to waters of any deuterium content will be considered later. 

(f) Flow Method of Analysis. This method, suggested by Joris, 17 
involves the saturation at 80°C of hydrogen with the water to be ana¬ 
lyzed and the subsequent equilibration of the mixture over a platinum- 
charcoal catalyst at 110°C. After equilibration, the hydrogen is 

analyzed on the mass spectrometer. 

The apparatus used is shown schematically in Fig. 4.8. This appa¬ 
ratus consists of two sections, the saturation section and the equili¬ 
bration section. The hydrogen gas used in the equilibration process 
may be either deuterium-free hydrogen or electrolytic tank hydrogen. 
In either case, the hydrogen is freed from oxygen by passage over a 
heated platinum wire and is freed from water by suitable traps. The 
hydrogen is then introduced into the system at the bottom of the pre¬ 
heater G through a glass spiral and a standard ground-glass joint, 



Large equilibration a 
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which permit the easy removal of the preheater and the tube contain¬ 
ing the saturator. The preheater G is essentially a trap upside down 
in which hot benzene vapors go up the outer tube and come down the 
inner ring-seal tube; G extends up to the bottom of the saturation 
chamber S and thoroughly preheats the incoming hydrogen. The 
saturation chamber S consists of an inner ring-seal tube drawn out 
to a capillary tube and bent back to the ring seal in the form of a 
loop; this loop is high enough to accommodate 1 to 1.5 ml of water 
without siphoning. The saturation chamber is connected to the con¬ 
stant-temperature jacket H through ground-glass joint J. The pre¬ 
heater G is similarly connected to the tube supporting the saturation 
chamber through ground-glass joint J'. The water to be analyzed can 
be introduced into the saturator through W or by taking out the satu¬ 
ration chamber after disconnecting it at ground-glass joint J. The 
temperature of the jacket H is maintained at a constant value by boil¬ 
ing benzene under a constant pressure (760 mm Hg), as regulated 
by a barostat connected to condenser Bj. The hydrogen gas is bubbled 
through the water, passed through a column of glass beads to remove 
any spray, and then led into the catalyst chamber I. The catalyst 
chamber is connected to the saturation section through a tube ex¬ 
ternally heated to 100°C by a resistance wire. The catalyst chamber 
is kept at a constant temperature by boiling toluene under constant 
pressure (760 mm Hg); the condenser B 2 is connected to a barostat. 
The catalyst used is a platinum-charcoal catalyst (0.2 cc of a mixture 
containing 4 g of Pt per 100 cc of 20-mesh charcoal). As the steam- 
hydrogen mixture flows over the catalyst, equilibrium is attained. 
The water is then stripped from the gas-vapor mixture by condenser 
B 3 , and the output hydrogen is collected in the sample tube F. 

The deuterium content of the water sample can be calculated from 
the mass-spectrometer analysis of the equilibrated gas by 



K t 

1 + -^r (Ki _ 1) 





where the various symbols are defined below. This expression can 

be derived without great difficulty. 

Let Nj = atom fraction of deuterium in the water before equili¬ 
bration 

N 2 = atom fraction of deuterium in the water at equilibrium 
nj = atom fraction of deuterium in input hydrogen before equi¬ 
libration 
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n 2 - atom fraction of deuterium in output hydrogen at equilib¬ 
rium 

Yi = mole fraction of HD in input hydrogen 
y 2 = mole fraction of HD in output hydrogen 
x i — mole fraction of HDO in water before equilibration 
x 2 = m °l e fraction of HDO in water at equilibrium 
G = total moles of hydrogen gas 
W - total moles of water 

K, = equilibrium constant atllO°C forthe vapor phase reaction 
At equilibrium 


K _ (H 2 ) (HDO) 
1 (HD) (H z O) 

or 


K _ G(1 - y 0 )Wx 2 l- v „ 
1 Gy 2 W(l — x,) y 2 



A deuterium-mass balance gives 


Gy! + Wx, = Gy 2 + Wx 2 


or 


Y gyi Wx A - Gy, 

W 


G^ 

W 


(yi - y 2 ) 



Substituting for x 2 in 


gives 





1 -y ? W (y * “ y 2) + 


y 2 i_G, — 

W ' y i ^ x i 


Solving for gives 



222 


PHYSICAL PROPERTIES AND ANALYSIS OF HEAVY WATER 


Kx G _ 

1 (l-y 2 )/y 2 + K 1 


Rearranging terms, 


But 


Therefore 



_K&_ 

1 + y 2 (K 1 - 1) 


-(yx-y 2 ) 


G_ 

w 




n 2^1 / \ ^ 

( n i n^ 



or 



Kq 

1 +^(K,-l) 





It is obvious from these expressions that the accuracy and repro¬ 
ducibility of an analysis depend upon the constancy of G/W and Kx, as 
well as upon the reliability of the mass-spectrometer readings. The 
equilibrium constant Kx is, as has already been seen, only a function 
of the temperature of equilibration. The ratio G/W is a function of 
the saturation conditions (nature of the saturator, hydrogen flow, and 
temperature of saturation). The use of a constant flow of hydrogen 
(1.25 liters per hour) and the maintenance of constant temperatures 
in the equilibrator and saturator sections of the apparatus (by use of 
barostats) make reproducible results possible. Samples analyzed 
over a period of time did not show deviations greater than 1 per cent. 
Thus the uncertainty in the mass-spectrometer analyses is probably 
greater than the error due to variations in the flow of hydrogen gas 
or the temperatures in the various parts of the apparatus. 

A possible source of error is the water absorbed by the catalyst 
during the previous experiment. This is the principal reason for 
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using only a small amount of catalyst with a high platinum content. 
Another possible source of error is in the fractionation of the water 
that may take place during the saturation step. With water samples 
of 1 to 1.5 ml, however, no apparent fractionation was observed. With 
a certain sample of water, for example, hydrogen-gas samples taken 
after 55, 85, and 110 min of operation showed D/H percentages of 
0.1721, 0.1725, and 0.1721, respectively. With another sample of 
water, the hydrogen-gas analyses after 45, 55, and 70 min of opera¬ 
tion were 0.3157, 0.3158, and 0.3164 per cent D/H. These fluctuations 
are within mass-spectrometer error. 

The time necessary to obtain a hydrogen sample representative of 

the water being analyzed depends upon the dead space in the satura- 

ion, equilibration, and sampling sections of the apparatus. This dead 

space should be kept at the minimum volume consistent with satis- 

factory saturation and equilibration. In the apparatus in Fig. 4.8 

the dead space between the saturator and the sample tube is about 

: “V. U WaS U f0und ex Perimentally that, with a flow of hydrogen of 

1.25 liters per hour, a representative sample of equilibrated hvdroeen 
could b , ob.Mn.d SO th . tatrotelto , „* er h ’*°f~ 

well-dried saturator chamber. 

It should be remembered that the formulas derived in this section 
are applicable only to systems in which the total deuterium content is 
less than about 3 mole % deuterium, i.e., for systems “ which the 

concentratlons may be neglected in comparison to the HD 

and HDD concentrations. This flow method of analysis moreoveT 

scribed It d n o°es ad h VantageS 7** the Static method Previously de¬ 
creed. It does have some disadvantages such as bulk of apparatus 

containing a low percentage of hydrogen It has f 7.7 

rsjtrr-air'-»s 

The equation for the equilibration reaction is 

HDO(liq) + D,(gas) = D a O(liq) + HD(gas) 
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and the mole per cent deuterium in the water is calculated from the 
(HD)/(D 2 ) ratio in the gas phase at equilibrium by the equation* 


Mole per cent D = 


100 

[l+0.5 ( , HD) \1 


(D 2 ) Ki 


1 + JL 

(D 2 ) 



where K' 4 is the equilibrium constant for the above reaction and is 
equal to 3.33 at 25 C. Values of K 4 at other temperatures are given 
in Table 2.11. 

(b) Derivation and Application of Formula . The derivation of this 
equation 22 is very similar to the derivation of the equation to be used 
for the analysis of waters with low deuterium concentrations. 


HDO(liq) + D 2 (gas) - D 2 Q(liq) + HD(gas) 


or 


k; = 


(D 2 o)1 


(HD) 

(HDO) 

liq 

L(d 2 ) J 


gas 


(HDO)' 


(HD)' 

[(D 2 o) 

liq 

(d 2 ) 


gas 



Dropping subscripts, adding 1 to both sides of the equation, and re- 
inverting, 


(d 2 Q) 

(HDO) + (D 2 0) 


1 

1 i™) JL 

+ (d 2 ) k; 


"This equation is sometimes written as 


Mole per cent D = 


where K 4 is the equilibrium constant for the corresponding homogeneous-gas reaction 
and P D 0 and P H O are the vapor pressures of D z O and H 2 0, respectively. 
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Adding 1 to each side of the equation and dividing by 2, 

i o c (HD) 1 

1 [ 2(D 2 0) + (HDO) 1 * * (P 2 ) 

2 [ (HDO) + (D z O) (HD) 1 

+ (D 2 ) K' 


Thus (Eq. 6) 


Mole per cent D = 


100 

[l + 0.5 (HD) M 


(D 2 ) k 4 


(HD) 1 


(D 2 ) K' 


This formula should not be used if the total hydrogen content of the 
equilibrated system is more than about 3 atom per cent. 

(c) Procedure and Precautions . (1) Equilibrating Gas . The equili¬ 
bration procedure is the same as that discussed for waters of low 
deuterium content. Deuterium gas, rather than tank hydrogen, is used 
as the equilibrating gas in order to minimize the dilution of the water 
by the protium of the gas. Since only about 0.001 mole of equilibrating 
gas is used for about 0.25 mole of water sample, the hydrogen content 
of the equilibrating gas is not too critical, provided that the content 
is not too great. The data in Table 4.13 illustrate this point very 
well. These data obtained at the Metallurgical Laboratory 23 can also 
be used to prove completeness of reaction by approach to the equilib¬ 
rium state from opposite directions. 

(2) Conditioning of Apparatus . Since the world in which we live is 
essentially a protium oxide world and not a deuterium oxide world 
and since most materials have some water impurity, the analysis of 
almost pure D a O requires certain special techniques. Most of these 
techniques are necessary for any of the various methods of analyzing 
waters of very high deuterium content, but several of the precautions 
that need be taken are inherent with the equilibration method only. 
One of the precautions that must always be taken in dealing with 
deuterium oxide is “conditioning” of apparatus. 

As is well known, most materials contain films of water. There¬ 
fore in order to minimize dilution of a sample by the adsorbed water 
films, the apparatus and all other vessels with which the water sam¬ 
ple comes into contact must be conditioned. This conditioning pro¬ 
cedure consists in wetting the cleaned and dried apparatus with water 

of 1 ! 98 t0 " Per Cent deuterium drying the apparatus 

at 150 C for several hours. It is usually best to use the conditioned 
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apparatus as soon as possible after conditioning. If it is not possible 
to use the apparatus immediately, it is best to keep flasks, etc. in 
evacuated desiccators or in a good “dry” box, preferably one used 
for heavy water only. 


Table 4.13—Approach to Equilibrium from Opposite Directions 

(Shaking time, 1 hr) 


(HD)/(D 2 ) in gas, % 



Before 

After 

Mole % D 

Sample 

equilibration 

equilibration 

in water 

A 

1.75 

1.09 

99.84 


0.18 

1.07 

99.84 

B 

1.75 

2.39 

99.64 


0.18 

2.67 

99.60 

C 

1.75 

1.24 

99.79 


0.18 

1.32 

99.80 

D 

1.75 

1.07 

99.85 

4 


0.836 

99.87 


0.18 

0.775 

99.88 



0.995 

99.85 


In connection with the conditioning of the equilibration flasks, it is 
important to remember that it is best not to clean them with reagents 
containing ingredients that may poison the catalyst. It is not always 
easy to assure complete removal of these ingredients, and mere 
traces of certain compounds can poison the catalyst. 

(3) Transfer of Sample . Heavy water is very hygroscopic. Ex¬ 
posure to moist air for any length of time results in dilution, the 
extent of dilution depending upon the period of exposure, the humidity 
of the air, the amount of agitation in the water sample, the relative 
temperatures of the air, the water sample, etc. The effect of trans¬ 
ferring a sample of water by pouring without special precautions may 
be seen from the data in Table 4.14. These data were obtained by 
Voskuyl and Goren. 24 The test sample and the control were handled 
similarly, except as noted in column 1 of the table. 

These data should be compared with the results obtained by Voskuyl 
and Goren 23 for samples transferred in a dry box. As may be seen 
from the summary of results in Table 4.15, under good dry-box con¬ 
ditions, the effect of the exposure of heavy-water samples to the 
atmosphere may be considered negligible. This dry box was one in 
which dry air was introduced continuously. 
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Work at the Metallurgical Laboratory 24 has also shown that samples 
may be transferred with a syringe* outside a dry box. A 10-ml hypo¬ 
dermic syringe is kept in the oven at 150°C until needed. About 1 ml 
of the sample to be tested is used for rinsing just before the actual 
transfer. A 10-ml portion is taken and emptied half into each of two 


Table 4.14 — Effect of Moisture in the Air on Analysis 


Treatment of test sample 

Test sample transferred by pouring 
outside of dry box 

Test sample transferred by pouring 
and then stirred for 10 min 
Test sample poured back and forth 
10 times 


Mole % D by equilibration 


Control 

Test 

Difference 

99.848 

99.833 

-0.015 

99.750 

99.730 

-0.020 

99.910 

99.786 

-0.124 


Table 4.15—Transfer of Samples in a Dry Box 

Mole % D 

Treatment of water sample by equilibration 

Control: poured once into 99.84 

equilibration flask 99.84 

Test sample: poured back 99.81 

and forth 10 times 99.83 


equilibration bulbs. The syringe is disassembled after use and re¬ 
turned to the oven. As may be seen from the data in Table 4.16 
apparently no dilution occurs during transfer with a syringe. 

The syringe method of transfer is quite rapid and apparently ca¬ 
pable of being adapted to highly precise work. A final decision as to 
its applicability for precision analyses must, however, await addi¬ 
tional experimental verification. There is, nevertheless, no apparent 

a priori reason for believing that this transfer method is not capable 
of highest precision. y 


th9 r oth r“r d of transfer ° f sampie with is 

that method using a siphon. One example of the use of a siphon was 
given in Chap. 1 under the discussion of the determination of the 


‘Syringe plpets were used by Fenger-Ertksen, Krogh, and Usslng“ In their work 
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specific gravity of heavy water. In that case, siphons were used to 
fill precision pycnometers and to transfer water samples to equili¬ 
bration flasks. It should be remembered that the siphon must be 
well-dried and must then be conditioned, preferably with an aliquot 
of the sample itself, before use. It must also be borne in mind that if 
pressure is used to effect transfer by means of a siphon, the appli¬ 
cation of the pressure must be via a drying tube and, preferably, by a 
liquid-air trap. 


Table 4.16 — Transfer of Samples by Syringe 

Mole % D by equilibration 


Treatment of test sample 

Control 

Test 

Difference 

Test sample transferred with 

99.800 

99.801 

+0.001 

syringe outside dry box 

99.801 

99.801 

±0.000 

Test sample transferred by pouring 
outside dry box 

99.848 

99.833 

-0.015 

(4) Purification of Sample. Water 

samples 

submitted 

for analysis 


have to be purified (to a lesser or greater extent) before being ana¬ 
lyzed. Dilutions of the order of 0.01 to 0.05 mole % hydrogen or 
deuterium are common unless certain precautions are rigidly ob¬ 
served. The purification unit, as well as the flasks which will come 
into contact with the sample, must be treated by rinsing the cleaned 
and dried apparatus with several milliliters of heavy water and then 
baking the entire apparatus in an oven at 150°C. It is also desirable 
then to bake the entire apparatus under vacuum. The sample to be' 
analyzed is transferred in a dry box to a distillation flask of appro¬ 
priate size. This flask, fitted with a ground-glass joint and mercury- 
seal device, should have previously added to it several milligrams 
each of potassium permanganate and either calcium oxide, barium 
oxide, or sodium metal. An excess of oxidizing agent must be used, 
i.e., if oxidizable materials are present, and some unreduced potas¬ 
sium permanganate should remain after purification is complete. The 
flask is attached to the distillation unit by means of the ground-glass 
joint, and the joints are made vacuumtight with mercury. No grease 
should be used on the joints. The danger of grease in the distillate 
will be explained later. The effect of grease added to the sample 
being purified is obvious. Any grease that comes into contact with 
the alkaline permanganate solution will be oxidized, thus introducing 
a dilution error due to the water of low deuterium content formed 
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during the oxidation. The sample is frozen by means of solid carbon 
dioxide and mixed with trichloroethylene, acetone, or a similar liquid; 
the entire system is then evacuated with a diffusion pump until a 
Tesla coil indicates that most of the air is removed. At least one 


remelting and refreezing with a second pumping is usually necessary 
for adequate removal of air before distillation. This outgassing pro¬ 
cedure was discussed in Sec. 5.2a. Distillation proceeds quite rapidly 
from the distillation flask to the receiver by keeping the former at 
35°C and the distillate in the receiving flask at 0°C. No bumping is 
observed under these conditions. Diagrams of typical distillation 
flasks and trains are shown in Chap. 5. In some cases this distillation 
is followed by another slow vacuum distillation at 25 to 35°C. No 
reagents are added during this step in the purification process. 

It is important to note that the use of greaseless mercury-sealed 
joints requires very careful technique in preventing mercury from 
being drawn into the flask during evacuation. Moreover, the tiny glob¬ 
ules of mercury which remain on the joint surface must be brushed 
away before another vessel is introduced; otherwise some of the mer¬ 
cury may be pushed into a position where it can fall into the flask. 

Very small amounts of purification reagents, approximately 3 mg 
for 25 ml of water, are normally used, and consequently the dilution 
effects are negligible. Voskuyl , 26 for example, found that the addition 
of 10 and 40 times the normal quantity of reagents to samples of 
heavy water, which had previously been analyzed by the specific- 
gravity method, resulted in small error. In each case the data showed 
that the error introduced by a normal addition of reagents was ap¬ 
proximately 0.001 mole % deuterium, an error well within the usual 
analytical uncertainties. These observations by Voskuyl agree with 
those of Kirshenbaum et al . 6 These workers used barium oxide and 
potassium permanganate in their work on the specific gravity of heavy 
water. The barium oxide had been recrystallized from 99 mole % D 2 0 

and dried before use. The potassium permanganate was taken directly 
from a bottle without special treatment. 


(5) Grease. Examination of Fig. 4.6 will show that the equilibration 
flask contains a stopcock and two ground-glass joints, all of which 
require grease to be made vacuumtight. The grease to b? used should 
have a very low vapor pressure, and it should be applied with caution. 
In greasing the ground-glass joints of the equilibration flasks grease 
should be applied only to the upper 40 to 50 per cent of the joint. 

are must be taken to assure that grease does not get on any but 
ground-glass surfaces. The need for keeping grease out of the equill- 

inth°M fl ? S n USeU may bS S6en frbai the data ta Table 4 - 17 « obtained 
m the Metallurgical Laboratory. 23 
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It is not clear from these experiments whether the observed effect 
(approximately 0.18 mole % D) was a result of water in the grease, 
exchange of grease in the presence of the catalyst, etc. In any case, 
these data emphasize that contact with grease should be minimized. 
The effect of grease during the purification procedure has already 
been discussed. 


Table 4.17 — Effect of Grease on Deuterium Analyses 


Mole % D 

Treatment of water sample by equilibration 


Control: no grease 


99.58 

99.58 


Approximately 0.05 cc of 99.42 

Cello-Seal grease was 99.38 

added to water sample in 
equilibration flask 


(6) Pretreatment of Catalyst and Peptizing Agent. An important 
source of error by dilution occurs in the use of unconditioned catalyst 
and peptizing agent. The dilution arising from water adsorbed on the 
catalyst does not seem to be as serious as that which may arise from 
the improper use of the peptizing agent. Work on these sources of 
error has been done mostly by Voskuyl and Goren, 23,24 and all data 
in this section, unless noted otherwise, were obtained by these men 
at the Metallurgical Laboratory. The results of their studies on the 
dilution effect of the peptizing agent are summarized in Table 4.18. 
In each case a greater than normal quantity of reagent was added in 
order to magnify the errors due to dilution. The controls were ana¬ 
lyzed using the normal amount (3 mg) of peptizing agent. The treated 
fumaric acid was digested with heavy water. The treatment in some 
cases consisted in refluxing in 99.4 mole % D z O and recrystallization, 
followed by drying in vacuum at 100°C. In the equilibration experi¬ 
ments without peptizing agent, the samples were shaken for 16 to 
18 hr. In all experiments listed in Table 4.18, the attainment of equi¬ 
librium was ascertained by the use of four aliquots of each sample, 
equilibrating two aliquots with a gas having a greater deuterium 
concentration than the final equilibrated gas and the two remaining 
aliquots with a gas having a smaller deuterium concentration than the 

final concentration. 

It is thus seen that maleic anhydride, when merely dried under 
vacuum to remove surface moisture, can be used as a peptizing agent 
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without conditioning in heavy water. For practical purposes maleic 
anhydride is therefore a better peptizing agent. This conclusion 
may also be reached from the experimental results reported by 

27 28 

McKown. ’ His data are given in Table 4.19. In these experiments 


Table 4.18—Dilution Effect of Peptizing Agent 



Weight of 


Mole % D 


peptizing 



Difference per 

Treatment of 

agent in test 


Test 

3 mg of 

peptizing agent 

sample, mg 

Control 

sample 

peptizing agent 


Fumaric acid 



Untreated 

15 

99.750 

99.520 

0.06 


30 

99.898 

99.660 

0.02 

Digested with 

6 

99.812 

99.800 

0.006 

d 2 o 

21 

99.812 

99.803 

0.002 


21 

99.812 

99.793 

0.003 


Maleic anhydride 



Untreated 

30 

99.848 

99.781 

0.008 


30 

99.764 

99.730 

0.003 


30 

99.810 

99.750 

0.007 


30 

99.805 

99.773 

0.003 

Dried under 

30 

99.736 

99.707 

0.003 

vacuum 

30 

99.822 

99.769 

0.006 


No peptizing agent (equilibrated for 16 to 18 hr) 



0 

99.787 

99.793 

0.006 


0 

99.807 

99.802 

0.005 


0 

99.792 

99.791 

0.001 


5 ml of water sample and 3 mg of conditioned platinum oxide were 
used in addition to the stated amounts of peptizing agent. 

The work at the Metallurgical Laboratory 23 has also shown that the 

platinum oxide need not be given an extensive treatment before use 

as a catalyst in a routine analysis of heavy water by equilibration. 

The data in Table 4.20 indicate that the dilution error due to 6 mg of 

the dried, but untreated, catalyst added to a 5-ml sample of water is 
about 0.01 mole %, 

(d) Other E rrors and Limitations . As was seen in Chap. 3 the 
Nier II (3/4) mass spectrometer for deuterium has, under ordinary 
conditions, an uncertainty of about ±0.02 mole % deuterium. In the 
range of interest, this corresponds to ±0.04 per cent HD/D a . This in 
turn introduces an uncertainty of about ±0.007 mole % deuterium in 
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the water sample being analyzed by the equilibration method. As was 
noted previously, the absolute value of the equilibrium constant is 
uncertain by about ±1 to 2 per cent, with a conservative limit of 5 per 


Table 4.19 Dilution Effect of Peptizing Agent 

Wt. % D 



Treatment of 

2 mg of 

20 mg of 

Peptizing agent 

peptizing agent 

peptizing agent 

peptizing agent 

Fumaric acid 

Treated with D 2 0 and 

99.70 

99.66 


dried in vacuum 

99.78 

99.76 

Maleic anhydride 

Dried in vacuum 

99.83 

99.83 



99.72 

99.72 



Table 4.20 — Dilution Effect of Catalyst 



(5 ml of water) 





wt., 

mg 

Mole % D 


Treatment of 


Fumaric 

in water by 

Treatment of catalyst 

fumaric acid 

Catalyst 

acid 

equilibration 

Baker-Adams catalyst 

Technical grade; 


[2 

99.76 

(platinum oxide); 

dried at 150°C for 

6 

l2 

99.75 

dried at 150°C for 

18 hr, then kept in 

30 

2 

99.74 

6 hr, then kept in 

weighing bottle in 

12 

99.73 

weighing bottle in 

a desiccator over 


fiO 

99.54 

a desiccator over 

P 2 O s in a dry box 

6 

iio 

99.62 

P 2 O s inside a dry box 


30 

10 

99.52 



1 10 

99.51 

Above platinum oxide 

Above fumaric acid 


(2 

99.93 

was slurried in 99.4 

was recrystallized 

6 

l2 

99.91 

mole % D 2 O, dried at 

from 99.4 mole % 

30 

10 

99.87 

110°C for 2 hr, then 

D z O after 3 hr of 




subjected to pumping 

reflux at 100°C; 




with Hyvac pump at 

D 2 0 then removed 




room temperature 

under vacuum at 




for 4 hr 

100°C 





cent. The errors that may arise from this uncertainty are shown in 
Table 4.21. It should be remembered, of course, that, on a relative 
basis or on an absolute basis using standards prepared by equilibra¬ 
tion of standard waters, the actual uncertainty in the absolute value 
of the equilibrium constant is of little importance. 
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As in the case of the analysis of light water by the equilibration 
method, regulation of the thermostat to ±0.1 °C is more than sufficient 
to eliminate temperature uncertainty as a serious source of error. 
Thus an uncertainty in temperature of 1°C will introduce only about 
a 0.6 per cent error in the final answer; i.e., if the water is found 


Table 4.21 Effect of Uncertainty in Equilibrium Constant 


Error in 
equilibrium 

Error in analysis, 

Mole % D 

constant, % 

mole % D 

in water 

1 

0.020 

98.0 


0.010 , 

99.0 


0.005 

99.5 


0.001 

99.9 

2 

0.040 

98.0 


0.020 

99.0 


0.010 

99.5 


0.Q02 

99.9 

5 

0.100 

98.0 


0.050 

99.0 


0.025 

99.5 


0.005 

99.9 


to contain 99.00 mole % deuterium, the uncertainty in this value is 
±0.006 mole % deuterium. Also, as in the case of the analysis of 
light water, a correction should be applied for the change in concen¬ 
tration of the water during equilibration. This correction, calculable 
from the law of mass action, need not be applied if sufficiently large 
water samples are used and if the hydrogen content of the equilibrat¬ 
ing gas is not too large. Thus, under normal conditions of analysis 
oi heavy water, the correction is within experimental error. 

The accuracy of the equilibration method may be seen from the 
data obtained in various laboratories. Voskuyl at the Columbia Uni¬ 
versity laboratories 22 compared the analysis of a sample of water 
.. taming 99 mole % deuterium by the equilibration method with 

TablelS 15 ^ SP6CifiC graVity (Chap ’ 5) * His results are shown in 

iatoH Slai ^ ,S **** f ° r ^ Specific -gravity analysis have been recalcu- 
rpnTnn h tu aS1S ° f * specific S ravit y of 1 -10775 at 25*C for 100 per 
thl toK’• 56 data W6re obtained * uite ear *y in-the development of 

tinn t H TT eS involved in the analysis of heavy water by equilibra¬ 
tion, and therefore they do not indicate the accuracy of the method at 
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its best. The data summarized in Tables 4.13, 4.16, 4.18, and 4.21 
indicate that the method is capable of high precision and that the 
limiting factor, as far as accuracy is concerned, is usually the accu¬ 
racy of the mass spectrometer. Although the mass spectrometer 
can, in principle, be made electrically perfect so that errors due to 
uncertainties in resistance ratios, etc., are negligible, there still 
are the important uncertainties due to systematic discriminations, 

Table 4.22—Comparative Analyses 

Mole % D in water 


Sample 

Equilibration 

Specific gravity 

Difference 

1 

1 

99.26 

99.32 

-0.06 

2 

99.40 

99.52 

-0.12 

3 

99.04 

98.99 

+0.05 

4 

98.91 

98.99 

-0.08 

5 

98.86 

99.00 

-0.14 

6 

99.73 

99.83 

-0.10 


memory, etc. It is for this reason that most workers who have had 
anything to do with analysis of deuterium by means of the mass spec¬ 
trometer advise against using this device as an absolute instrument 
and recommend analyzing with the aid of standards. 

5-4 Analysis of Water of Any Deuterium Content , (a) Analytical 
Method . It will be recalled that the formulas derived earlier in this 
chapter were applicable only for waters whose deuterium content fell 
within one of two very narrow ranges. For waters of low deuterium 
content the practical range was from about 0.014 to 2 or 3 mole % 
deuterium. For waters of high deuterium content the water may con¬ 
tain not more than about 2 or 3 mole % protium. It is obvious there¬ 
fore that a more general method of analysis may be desirable. 

Waters having a deuterium content outside the ranges just dis¬ 
cussed have nonnegligible concentrations of all three waters, H 2 0, 
HDO, and D z O. If, therefore, it is desired to analyze a sample of 
water with a deuterium concentration in the intermediate range by 
means of an analytical formula, then a formula must be obtained in 
the derivation of which all three isotopic species of water are con¬ 
sidered. The derivation of such a formula is not at all difficult. The 
derivation given here follows in general that published by Fischer 
and Potter of the Metallurgical Laboratory. 29 

In analyzing water by the equilibration method the following equi¬ 
libriums must be satisfied: 
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Hj>0 + HD = HDO + H 2 Vapor phase reaction 
Hg + D 2 2 HD 

H 2 O + D 2 0 ~ 2HDO Vapor phase reaction 

HDO + D 2 — D z O + HD Vapor phase reaction 
H 20 (liq) H 2 0(vapor) 

HDO(liq) ~ HDO (vapor) 

D 2 0(liq) ^ D z O(vapor) 

Any other possible combination between gas and/or liquid molecules 
is mathematically equivalent to some combination of the above equi¬ 
libriums. Using the nomenclature established in Chap. 2, the above 
equilibriums give the following equations: 


_ (HDOvapor) (Hg) 
(H 2 O vapor ) (HD) 


Kg = 


(HD) 


K (HDO) 2 
3 (HgO) (D 2 0) 


v _ (D z Ovapor) (HD) 

^ " (HDOvaporKDJ 


Ka . (g ^vapor) B taPOgEor) _ (D.Ovapor) 

(H 2 °Uq) (HDO liq ) Kc “1d^T 

Multiplying K, and K a , dividing by K b , and solving for (H a O Uq ), 

(HjOa-) = - Kb ( HD °iiq) ( H a) 

Uq K iK a (HD) 

Similarly, by multiplying R, by K b and dividing by K c> 

(D,0 Uq ) = (Da)(HD0 lla ) 




Since any consistent set of units is permissible tbe 
may be expressed In terms of mole pi 

(HDO Uq ) + (D 2 0 liq ) + (H 2 0 llq ) = 100 


Consequently 
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(HDOliq) 


K b (H 2 ) 
K c (HD) + K x K a (HD) 


= 100 


or 


(HDO, iq ) = 


100K 1 K a K c (HD) 


K A K a K c (HD) + K 1 K 4 K a K b (D 2 ) + K c K b (H2) 


and 


(D 2 Oiiq) - 


K,K b (P 2 ) 
K c (HD) 


100K 1 K a K c (HD) 


[K 1 K a K c (HD) + K 1 K 4 K a K b (D 2 ) + K c K b (H 2 ) 


or 


(D 2 Ojiq) - 


100K 1 K 4 K a K b (D 2 ) 


K 1 K a K c (HD) + K 1 K 4 K a K b (D 2 ) + K c K b (H 2 ) 


Now by definition 


Mole per cent D in water = (D 2 0 liq ) + ^(HD0 liq ) 


Therefore 


Mole per cent D in water = 


100K 1 K 4 K a K h (D 2 ) + 50K 1 K a K c (HD) 
K^aKcCHD) + K,K*K a K b (D a ) + K c K b (H 2 l 


Dividing by K b K c , 


K 


K a 


IOOKjK, ^ (D 2 ) + 50Kj ^ (HD) 


Mole per cent D = 


K 


K, ^ (HD) + K,K, (D 2 ) + (H 2 ) 


K 

K 


K x = 3.62 


K„ P 


K 4 = 3.11 


K b 

Ko 


= 1.070 

P HDO 
P H,0 


K, P 


^ = 1:146 


c r D 2 0 


Now at 25°C 
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Thus 


Mole per cent D in water 


1,290(D 2 ) + 194(HD) 

3.87 (HD) + 12.9(D 2 ) + (H 2 ) 


Dividing by HD, 


Mole per cent D in water = 


1,290 


(P 2 ) 

(HD) 


194 


3.87 + 12.9 


(P 2 ) ^ (H z ) 
(HD) + (HD) 


But 


or at 25°C 


or 


Therefore 


^ (HD) (HD) 

^ = (h 2 ) T5J 

(H 2 ) (HD) 1 
(HD) (D 2 ) 3.26 

(P 2 ) (HD) 1 
(HD) " (Hj) 3.26 


Mole per cent D in water = 




or 


Mole per cent D in water = 


1,290 + 194 



3.8, ♦ ,2.9 gg „ „. 30 , <m 


( 8 ) 
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into consideration. Consequently such factors as memory, water- 
vapor effect, spectrometer discriminations (Chap. 3), and size of 
sample must be evaluated quantitatively when using the formulas. 
Any other method of calculation of results which will permit elimina¬ 
tion of the consideration of some of these complicating factors would 
be welcomed. Such a method is the graphical method of calculation 
as suggested by Crist and Kirshenbaum. 18 

(b) Graphical and Comparative Methods . The graphical method 
consists essentially in finding a graphical correlation between a 
mass-spectrometer ratio of the equilibrated gas and some function of 
the deuterium content of the water. This function may be the mole 
per cent deuterium in the water, calculated directly from dilution 
data or from some physical property of the water, or the function may 
be the physical property itself. The mass-spectrometer ratio that is 
plotted may be the ratio of decade readings, the mass 2/mass 3 ratio, 
the mass 3/mass 4 ratio, or in some cases even the mass 2/mass 4 
ratio. The gas equilibrated with the unknown water is analyzed, and 
the analysis or physical property of the water sample is read directly 
from the graph. It should be noted that this method does not require 
that the mass spectrometer be absolute or even that it be calibrated. 
All that the method requires is that the mass spectrometer be a 
reproducible instrument, and this can easily be assured by the use of 
arbitrary standards, the absolute values of which are of no impor¬ 
tance. As a matter of fact, even rather poor resolution, within reason, 
does not appreciably affect the accuracy of this method. It is these 
factors which lend merit to this method of analysis. 

Several examples may serve to illustrate the practicability of this 
method of analysis. With an uncalibrated spectrometer, the same 
instrument must be used to obtain a complete set of data. This limi¬ 
tation does not exist if the mass spectrometers are calibrated to 
read absolutely. In all cases, however, it should be remembered 
that arbitrary standards must be used to assure spectrometer con¬ 
sistency. This is now part of the routine procedure in gas analysis 
on the mass spectrometer and does not introduce any new problems. 

Table 4.23 contains data obtained by Inghram and Chase 30 on the 
analysis of a water sample of low deuterium content. In addition to 
the unknown water sample, three standard waters of known deuterium 
content were also equilibrated with tank hydrogen gas, and all four 
gas samples were analyzed on the mass spectrometer. Some of the 
water samples were analyzed several times. The data were obtained 
over a period of 2 days. The mass-spectrometer readings are all 
uncorrected for deviations from absolute values. A graph of the data 
obtained using samples 1, 2, and 3 is given in Fig. 4.9. It is seen 
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from the graph that the unknown sample contained 0.0128 mole % 
deuterium. 

It is obvious from the data in Fig. 4.9 that, over a small enough 
concentration range, the function plotted is a straight line. Therefore, 


Table 4.23—Analysis of Light Water 


Mole % D 

Sample in water Mass 3/mass 2 


1 0.0146 


2 0.0112 

3 0.0100 

Unknown 


0.0102 

0.0103 

0.0103 

0.0103 

0.0100 

Av. 0.0102 

0.0074 

0.0069 

0.0089 

0.0089 

0.0089 

0.0088 

0.0087 

Av. 0.0088 4 


a calculation can be made of the deuterium 
sample by a direct-ratio method, i.e., 


content of the unknown 


Mass 3/mass 2 (unknown) 

Mass 3/mass 2 (standard) X deuterium content of standard 

= deuterium content of unknown* (9) 


This has been done for the data in Tatye 4.23, and the results 
sununanzed in Table 4.24. In this particular case toe cations 
may be done on a slide rule. The 2.3 per cent uncertainty in toe Si 
answer shown in Table 4.24 is that which would be expected foS 
limited number of observations. This value is a measure of th B 
cision and not necessarily toe accuracy of toe result ^ PI>e ' 

"" distilled water with standard waters „d, up trom ""“ert™”-' 
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free water and water containing over 99 mole % deuterium. This 
work is discussed in detail in Chap. 6. In the course of this work it 
was proved that this comparative method (as well as the graphical 
method of calculation) obviates the need for corrections arising from 



Fig. 4.9 — Analysis of light water. •, standard water; o, unknown. 


imperfect resolution. The direct-comparison method was used by the 
Columbia University laboratories as well as by other installations. 
Standards with deuterium contents very close to that of the unknown 
were used for the comparisons. 

Another example of the application of the graphical method is 
shown in Fig. 4.10. In this example, the spectrometer readings ex¬ 
pressed as the ratio HD/l^ times 10 5 are plotted against the specific 
gravity of the water analyzed by equilibration. The specific gravities 
of the waters were obtained by means of a pycnometer. The stand¬ 
ards and the purified unknown, in this particular case, were equili¬ 
brated with 98.38 mole % deuterium gas. Actually, however, tank 
hydrogen could have been used. Crist and Kirshenbaum pointed out 
that a method of plotting data very similar to this can be used to de¬ 
termine the specific gravity of pure D z O without the need for making 
pure D z O. Voskuyl 23 ’ 31 used this procedure in his determination of 
the specific gravity of pure D 2 0 at 25°C. As was stated in Chap. 1, 
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Table 4.24—Analysis of Light Water 


Standard 

sample 


Mole % D 

Standard Unknown* 


1 0.0146 0.0126 

2 0.0112 0.0134 

3 0.0100 0.0128 

Av. 0.0129 ± 0.003 

^Calculated from the standard by the ratio-of - 
intercept method. 




Fig. 4.10—Analysis of heavy-water sample. •, standard water; o, unknown 


1 - 107744 is in excellent agreement with the value of 
1.10775 obtained by Kirshenbaum, Graff, and Forstat using an ana¬ 
lytical method of extrapolation of data to 100 per cent D 2 0 
In summary, it must be emphasized that the graphical and com¬ 
parative methods of analysis not only have the usual advantages of 
the equilibration method but also the following additional advantages. 
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1. Tank hydrogen may be used for equilibration with waters of any 
concentration, i.e., no correction need be applied for the deuterium 
(or hydrogen) taken from the water by the gas during equilibration 
(except in very special cases), provided that the same equilibrating 
conditions are used for the standard and the unknown samples. 

2. The spectrometer need not give true HD/H 2 or HD/D 2 readings. 
The only requirement is that the spectrometer read consistently from 
day to day, or that appropriate adjustments be made using arbitrary 
standards, the absolute values of which do not have to be known. 

3. Errors due to the uncertainty in the true value of the equilib¬ 
rium constants are minimized. 

6. ANALYSIS FOR OXYGEN-ISOTOPE CONTENT 

6.1 Electrolytic Method . Before discussing the application of the 
electrolytic method of analysis to the oxygen isotopes, it may be 
advisable to prove the equivalence of the two apparently different 
definitions of the instantaneous electrolytic-separation factors, i.e., 
to prove 


_ d (log n H ) _ (H/D)gas / in x 

d (log n^ (H/D) liq 

where n H and n D are the total moles of protium and deuterium present 
in solution, and (H/D) is the mole or atom fraction of protium divided 
by the corresponding quantity for deuterium in the phase indicated by 
the subscript. Consider » 


_ d (log n H ) 

01 ~ d (log n D ) 

This expression, at any instant, may be written 

a _ (dnH/dnphiq 

(nn/n^uq 

where dn H /dn D , at a given instant, is equal to the number of moles of 
protium being electrolyzed divided by the number of moles of deute¬ 
rium being electrolyzed. This ratio then is 


/dM = /Nh\ 

\dn D /U q V^D/gas 
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where N H and N D are the number of moles of protium and deuterium, 
respectively, put into the gas phase at any given time. Thus 

a _ (Nn/Npjgas 
(nn/nJuq 

where the N s and n s refer to the number of moles at a given instant. 
This definition is identical with 


a = 


(H/D) 


® 75 ) 


gas 


liq 


a being an instantaneous separation factor. Actually, however, a is 
usually determined experimentally for a finite time interval. 

A survey of some of the more important work in the literature 
indicates that the isotopic factor for oxygen during the electrolysis of 
water is about 1.01 to 1.03. Johnston, 32 for example, found an oxygen 
fractionation factor of 1.008 for water electrolyzed between iron 
electrodes and containing potassium hydroxide at a concentration of 
0.5N. The same value was reported by Selwood, Taylor, Hippie, and 
Bleakney 3 for electrolysis of an alkaline solution. A higher value 3 
of 1.035 was found by Tronstad and Brun 34 for the electrolysis of 
water containing 4.5 to 10 g of ROD per 100 g of solution at about 

n no ’ usi " g a nickel anode at a low current density of about 0.01 to 
0.02 amp/sq cm. This high value is in substantial agreement with the 
value for a of 1.03 to 1.04, as calculated by Selwood et al. from the 
ckta of Greene and Voskuyl. 35 It is evident that with fractionation 
factors as low as these, it is possible to analyze samples of water 

erro? if C °" tent by electrol y sis with a minimum 

“ “ \ s 1 ‘ 03 > the maximum error that can be made by incom- 
plete electrolysis is 3 per cent; and, as was seen at the beginning of 

this chapter, electrolyzing only 90 per cent of the water introduced 

«o,°Lr? ,°- 6 per r* ia °! e -w'»“»S S 

“If f Sample ‘ A sim P le calculation involving approxi¬ 
mate values for a and the amount of water electrolyzed will Dermit 

“- 1 '» fractionation „rta" U P S 1 tt 

mize the uncertainty still further. 

fnr T f h h e o eleC ! r °! yti n meth ° d WaS USed by Vosku yl.Inghram,and Rustad 38 
or the analysis of samples of water for their oxygen-isotnne n n „tn * 

Their results are shown in Table 4.25. P C0nt6nt - 

Columbia University distilled-water sample 2 and tank-oxvven 
sample 4 were analyzed on the same mass __ 
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samples, but one month later. Both of these later analyses were 
higher than the earlier ones. This difference of about 3 to 5 per cent 
is an example of the variation of the mass spectrometer, when used 
for oxygen, as an absolute-reading instrument and shows why the 
analysis of samples by comparison with standards is the more satis¬ 
factory method of analysis. These data will be considered again in 


Table 4.25—Analysis of the Oxygen Isotopes* 


Sample 

(o ,9 o 1 7o 16 o 18 )t 

<?•/<?• 

(0 19 0 16 /O l6 0 17 )t 

0 I8 /0 17 

Water A 

1,114 ± 13 

2,228 

2,220 + 63 

4,440 

Water B 

906 ± 31 

1,812 

2,120 i 50 

4,240 

Water C 

26.0 ± 0.6 

52.0 

357 ± 12 

714 

Columbia University 





distilled water 





1 

257 ± 2 

514 

1,168 ± 43 

2,336 

2 

269 ± 2 

538 



Tank oxygen 





1 

252 + 4 

504 

1,234 t 14 

2,468 

2 

250 ± 4 

500 

1,236 ± 0 

2,472 

3 

248 ± 1 

496 

1,228 ± 8 

2,448 

4 

257 ± 4 

514 




*Ratios were corrected for electrolytic fractionation using a = 1.01 in the case of 
the water samples. 

tThe ± values are precision measurements (a.d.) for a series of mass-spectrometer 
readings and do not represent the accuracy. 


Chap. 6 in the discussion of the natural abundance of the O 18 isotope. 
Another example of the use of the electrolytic method for the oxygen 
analysis of water was considered in Chap. 2. The data are given in 
Table 2.19. 

6.2 Equilibration with Carbon Dioxide , (a) Procedure . Cohn and 
Urey 37 proposed that the reaction 

CO l 2 6 + h 2 o 18 rC0 16 0 18 + h 2 o 16 

be used for the determination of the oxygen-isotope ratio in water. 
They equilibrated 1.5-ml samples of water with 16 ml of carbon diox¬ 
ide gas at 1 atm for 5 hr and then analyzed the equilibrated carbon 
dioxide on a mass spectrometer. It is essentially this procedure 

which is in use at the time of writing. 

Five-milliliter samples of purified water are equilibrated wi 
about 20 ml of carbon dioxide at a pressure of 1 to VA atm by shaking 
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at a constant temperature of 25°C for 5 hr. The equilibrating flasks 
and procedures, including the degassing of the water sample, are 
similar to those used in the hydrogen-equilibration method of analysis 
for deuterium, and the method of purification is the same. Actually 
the same sample of water can be analyzed for both its hydrogen- and 
oxygen-isotope contents. After equilibration with hydrogen or deute¬ 
rium, the water sample is once again degassed, removing all the 
hydrogen (or deuterium), and the carbon dioxide is added. The pres¬ 
ence of the platinum oxide catalyst and the peptizing agent is not 
necessary but will usually do no harm. After equilibration, the car¬ 
bon dioxide is removed in a manner similar to that used for the hy¬ 
drogen, and the gas is analyzed on the mass spectrometer for the 
mass 44/mass 46 ratio. The oxygen-isotope content of the water is 

then calculated from this ratio using the equilibrium data discussed 
in Chap. 2. 

In analyzing the equilibrated carbon dioxide, the unknown gas sam¬ 
ple is usually compared with a standard sample to determine the 
change in concentration of the oxygen isotopes in the unknown. The 
standard sample may be tank carbon dioxide, identical in isotopic 
content with the gas used for equilibration, or the sample may be 
carbon dioxide gas at equilibrium with a standard water sample. The 
standard and unknown samples are brought into the mass spectrom¬ 
eter alternately a number of times. The analyses can be made on 

an absolute basis. The method for doing this has already been con¬ 
sidered in Chap. 3. 

As was discussed in Chap. 3, the oxygen isotopes O 18 and O 18 in the 
carbon dioxide are analyzed using the ions C i2 0 16 0 16+ and C 12 0 16 0 18+ 
(masses 44 and 46, respectively). The O 17 content cannot be measured 
using the C I2 0 1B 0 l7+ ion peak (mass 45) because of interference from 
the ion peak due to the C 13 0 16 0 l6+ ion (mass 45). As a matter of fact 
it is so extremely difficult to determine the O 17 content of water ac¬ 
curately by equilibration that only the electrolysis method is used for 
this isotope. 


In analyzing for the O 18 content, the C 13 0 16 0 17+ and C 12 0 17 0 17+ ions 
contribute to the same mass peak as does the C 12 O 10 O 18+ ion. Nor¬ 
mally these contributions are small enough to neglect. 

The most important impurity, as far as interference with the mass- 
spectrometer analysis of carbon dioxide is concerned, is NO or anv 
compounds forming NO z in the mass spectrometer. The NO + ion 
appears with the small CWW+ mass peak and can consequently 
cause a considerable error in the analyses. For very accurate work 

Hon fT Sh ° U K d be take " t0 rem0Ve thiS lm P urit y. Careful distilla¬ 
tion of the carbon dioxide sample usually removes the interfering 
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impurity sufficiently well to produce reliable analytical results. This 
distillation, however, introduces a possible source of fractionation. 
This N0 2 interference is so serious that if a possibility of its exist 
ence is even suspected, the water should be analyzed for its oxygen 
content by the electrolysis method. Although, in principle, it might 
be expected that it would be possible to eliminate the NO+ interfer- 
ence by analysis of the carbon dioxide using the C 12 O ie+ and C 12 0 18+ 
ions, this is not practically feasible because of interference from the 
nitrogen ion N* 4+ , which arises from any residual air in the sample 
and in the mass-spectrometer tube itself. 

On a relative basis the analytical results are reported as a f< C n 
factor. This factor is defined as 



C 12 0 16 0 18 


C 12 O 18 O 10 

unknown 

C 12 0 16 0 18 


C 12 0 16 0 16 

■ a 

standard 



where R x 

R s 


C 12q16 0 18 

c 12 o 18 o 16 


unknown 


C 12 O 10q18 

C 12 0l 8 0 18 


standard 


Using the accepted values for R s , the value for the desired ratio (R x ) 
is obtained. If the mass spectrometer is used as an absolute instru¬ 
ment, the value of R x is obtained directly. As was shown in Chap. 2, 
Sec. 5, the oxygen-isotope ratio in the analyzed water sample is re¬ 
lated to the mass-spectrometer ratio by 

(H 2 0 18 )liq 1 

(H 2 0 16 )uq * (K a K b Jfc 

where K a is the equilibrium constant for the reaction 

CO* 8 (gas) + 2H 2 O ie (liq) =r CO* 8 (gas) + 2H 2 O ie (liq) 
and where K b is the equilibrium constant for the reaction 

CO l 2 6 + COj 8 r 2CO 10 O 18 


Thus, since by definition 
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Mole per cent O” in water = 

if the HaO 17 content may be neglected, as it usually is, then 


Mole per cent O 18 in water = ,— 10 ? R * - 

(KaKb)* + R x 


(ID 


It is this formula which is usually used for calculating results when 
the carbon dioxide-equilibration method is used in the analysis of 
water for its oxygen-isotope content. As was shown in Chap. 2, the 
best value to date for the product K a K b at 25°C is 4.359. Therefore 
(K a KbP = 2 . 088 . 

In using this formula, it must be remembered that if very small 
amounts of water are used in the equilibration, a correction calcu¬ 
lable from the law of mass action must be applied. This correction 
is similar to that already discussed for the hydrogen-equilibration 
method. However, the need for such corrections may be obviated by 
using a comparative method of analysis. It is only necessary to equi- 
librate the unknown sample together with a series of standard waters 
of O content similar to that of the unknown. The O 18 content of the 
unknown can then be found graphically. This procedure would be 

Similar to that proposed by Crist and Kirshenbaum for hydrogen 
equilibration. 6 

^ gon>e Exp erimental Results . Voskuyl, Inghram, and Rustad 36 
made analyses of various samples of water by both the carbon diox¬ 
ide equilibration method and the electrolytic-decomposition method, 
ineir results are summarized in Table 4.26. 

The agreement between the two methods of analysis is an indication 
of the accuracy of the mass-spectrometer analysis on an absolute 
basis under nonresearch experimental conditions. 

The precision of the equilibration method is quite good, i.e it is 

limited only by the reproducibility of the mass spectrometer Con! 

sequently, by the use of standards the accuracy can be such that it is 
limited only by the uncertainty in the value of the O 13 content of th! 
standard and by the precision of the mass spectrometer. 

th^ rShe l baUm i. Graff ’ and Forstat ° used the equilibration method in 

Chao l 0r ?H°\ ? Sity ° f 100 Per centD *°- As was discussed in 
, P ' ’ they J? urned the D 2 off-gas from an electrolytic cell with 
. ° t f yg . en ' The resu lting water was analyzed for 0“> content bv the 

®? U ‘“* r H ati °" meth °d, using Columbia University distilled water as 
rd. The results obtained are summarized in Table 4.27. 
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The observed scattering is a measure of both the reproducibility of 

the mass spectrometer and of the method of forming the water from 
tank oxygen. 


Table 4.26 — Analysis of Water Samples for O 18 Content 




Mole % O 18 




Equilibration 

Electrolytic 



Sample 

method* 

method* 

Difference 

Difference, % 

A 

0.055 + 0.001 

0.045 ± 0.000 

+0.010 

20 

B 

0.052 ±0.001 

0.055 ± 0.002 

-0.003 

6 

C 

1.904 ± 0.02 

1.924 ± 0.04 

-0.020 

1 

1 

0.203 ± 0.001 

0.195 ± 0.001 

+0.008 

4 

2 

0.187 ± 0.001 

0.186 ± 0.002 

+0.001 

0.5 


Av. 6 


*The ± values are precision (a.d.) measures for a series of mass-spectrometer 
readings and do not express the accuracy. 


Table 4.27 — Analysis of Water by the Carbon 
Dioxide-Equilibration Method 


Sample 

Excess O 18 ,* mole % 

H-2033 

0.006 

H-2036 

0.011 

H-2045 

0.008 

H-2052 

0.004 


Av. 0.007 ± 0.002 


‘Excess over that in Columbia University 
water. 


(c) Catalysis of Rate of Reaction . The slow process in the ex¬ 
change reaction 


COj 6 + H 2 0 18 r CO l 2 8 + h 2 o 16 

is the hydration (and dehydration) of the carbon dioxide. In solutions 
with pH values below 8, the hydration-dehydration step is predomi¬ 
nantly 
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C0 2 (dissolved) + H z O H 2 C0 3 


(a) 


whereas the principal reaction when the pH is above 10 is 


C0 2 (dissolved) + OH 


k-2 


HCO 


(b) 


This work is chiefly concerned with reaction (a). Mills and Urey 38 
measured the rate constant for this reaction. They found that the 
time required for reaction (a) to approach halfway to equilibrium 
(half-time of the reaction) is about 1,000 sec. This should be com¬ 
pared to the half-time of 1 sec for the process of carbon dioxide 
dissolving in water. It is this slow rate of hydration which necessi¬ 
tates shaking the equilibrating systems for about 5 hr during an anal¬ 
ysis of water for its O 18 content by equilibration with carbon dioxide. 

Attempts have been made to find ways of catalyzing the exchange 
reaction. Reid and Urey 39 found that the rate of reaction (a) could 
be increased four or five times by heterogeneous catalysis (etched 
pyrex, etc.). The rate of reaction (b) was increased up to 2,000 times. 
In 1932 Meldrum and Roughton 40 discovered that the enzyme carbonic 
anhydrase found in mammals could be used to speed up the hydration- 
dehydration process of carbon dioxide. More recently Scott and 
Mendive 41 succeeded in preparing carbonic anhydrase in very pure 
crystalline state. This pure enzyme has been used by Hawkings 
Graham, Harkness, and Thode 42 in their studies of ways of increasing 
e rate of exchange. The enzyme in these experiments was stabilized 
wi h peptone (a solution of the enzyme in water containing 0.04 per 
cen peptone). The effect of the enzyme at 0°C over the concentration 
range of 0.008 to 1 mg per liter was determined. A linear increase 
in the rate constant of the exchange reaction with increasing enzyme 
concentration was found. It was found possible to increase the rate of 

l0n f a factor of at least 2,000 with a very small amount of 
Pt J mG i stablllzed b y Peptone. In the course of this work, Hawkings 

aver v a ^ Of |?f Und / I J at . i0per Cent acetone (by volume) apparently has 

carbon diox^^ 1 ^ 10 ^ ^ rate ° f h y dration dehydration of 

content AS WU1 be Seen in Chap - 5 ’ the deuterium 

mJ'p, ample of water “ay be measured by determining one or 

affect som/ f I' 11 properties - The Presence of O** in the water will 

«aly Z teg for tht T f r ° PertleS - Tt is necessary, therefore, when 
SI f th deuterium content of a sample of water by such 
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methods as pycnometer, falling-drop, float, etc., either to know the 
O content of the sample or to be able to adjust it to a known value 
One convenient way of doing this is equilibration of the water sample 
with a large amount of sulfur dioxide. The physical properties of 

this normalized water sample are compared with the corresponding 
properties of a normalized standard water. Since the oxygen-isotope 
content of sulfur dioxide may vary from tank to tank, it is necessary 
to establish normalized standards with each tank. 43 

The “anhydrous grade- of sulfur dioxide as bought on the market 
contains very little water.* Although this moisture content maybe 
sufficiently low to permit use (without drying) for normalization of 
water samples with a not-too-high deuterium content, it is sometimes 
necessary to dry the anhydrous sulfur dioxide when normalizing the 
oxygen content of heavy water. If, for example, the normalization of 
100 ml of 100 per cent D 2 0 with a high O 18 content were to require 
75 liters of sulfur dioxide (5 hr of bubbling the sulfur dioxide through 
the water at the rate of 15 liters per hour), the error introduced by 
using undried anhydrous SO z would be about 10 ppm. This error may 
be too large for some work. Since, however, it is difficult to be sure 
that commercial tanks of sulfur dioxide always contain only 0.002 per 
cent moisture, it is definitely advisable always to dry the sulfur 
dioxide before use. At the Columbia University laboratories, it was 
a general policy to predry the sulfur dioxide, by passage through 
several coiled solid —carbon dioxide traps, before bubbling through 
a sample of water. Sometimes a significant amount of water was 
collected in these traps. 

A typical normalization procedure is that described by Crist. 44 In 
these particular experiments, Extra-dry SO z obtained from the Ohio 
Chemical & Mfg. Co. was used. This gas had a moisture content of 
about 0.003 per cent. The sulfur dioxide was bubbled through the 
water samples by means of a fritted disk at the rate of 18 to 30 liters 
per hour. The exit gas was caught and condensed in a solid-carbon 
dioxide-trichloroethylene trap, together with the water vapor that 
was carried over. At the end of the normalization the liquid sulfur 
dioxide was boiled away, leaving as ice the water vapor that had been 
carried over by the sulfur dioxide gas. This ice, when melted, was 
recombined with the rest of the normalized sample. 

The time necessary for complete normalization of the O 18 content 
of a sample of water is best determined by experiment. The normali¬ 
zation time is usually a matter of hours. Typical data are shown in 


*For example, the product sold by The Matheson Co., Inc., contains 99.988 per cent 
sulfur dioxide, 0.010 per cent noncombustible gases, and 0.002 per cent moisture. 
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Table 4.28. In these experiments, 45 sulfur dioxide from a cylinder 

was bubbled through 100 ml of water at a rate of 15 liters of gas per 

hour. It is obvious that about 5 hr was necessary for equilibrium to 
be established. 

Samples of water that have been normalized with sulfur dioxide 
must be given special treatment before analysis for the deuterium 
content by the float method, etc. First, dried nitrogen gas is bubbled 


Table 4.28 Normalization of a Sample of Water 


Time of 

normalization, hr 

0 

1 

3 

5 

7 

9 


wt. % D after 

Change in 

O 18 content 

normalization* 

wt. % D 

0.664 

0.000 

0.664 

0.000 

0.657 

0.007 

0.647 

0.017 

0.650 

0.014 

0.648 

0.016 


♦These values were determined by the float, the use of 
which for deuterium analysis is discussed in Chap. 5. 


through the water for % to 2 hr. This will remove much of the dis¬ 
solved sulfur dioxide. Care must be taken during this procesf to 
remove the water vapor from the exit nitrogen gas. This is neces- 
sary in order to prevent fractionation of the water sample being ana 

Th? ' n 1Um ° Xlde 18 then added 1111111 the water sample is basic 
This usually requires only a few tenths of a gram of the oxide. After 

from rxft ^ i 016 BaS ° 3 and BaS ° 4 ’ ^e water sample is distilled twice 

Sim^i m / ermanganate and ’ U necessar y, this is followed by a 

ofT e s VaC T dlstiUation through a copper oxide furnace. The purity 

duct^ T r* ^ f0U ° Wed by meaSUrUlg its inductivity. C 

analyshf. m ° re 2 '° X 10 " mhos is re< J uired f °r a float 


7. APPENDIX: EQUILIBRIUM OF HEAVY WATER* 


This discussion is essentially that written bv R n . 

by Fischer, Potter, and Voskuyl.* The accuracy of th/in^* ° n a report 

appendix is less than that discussed previously. * analyses discussed in this 
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water by equilibration. Purification of the sample prior to analysis 

has in nearly every case been omitted; shaking has been eliminated, 

and the use of a peptizing agent has been discarded. Experiments 

were conducted to determine the effects of the last two factors. Nine 

months of experience with the new method has provided a practical 
test for it. 

7.2 Shaking . To determine the necessity for shaking during the 
equilibrating period, a portion of a stock heavy-water sample was 
placed in an equilibrating flask to which also was added a normal 
portion of catalyst. Gas was introduced at a known pressure {Vi atm), 
the flask was allowed to remain undisturbed for a given period of 
time, and the gas was analyzed on the mass spectrometer. The re¬ 
mainder of the gas was removed, fresh gas was introduced at an 
identical pressure, the flask was allowed to remain undisturbed for 
another period of time, and the mass-spectrometer analysis of the 
gas was made. The process was performed with time intervals of 
15 and 30 min and 1, 2, 3, and approximately 18 hr. The entire pro¬ 
cedure was repeated with the reaction flask shaken on a mechanical 
shaker during the reaction times. Thus, a direct check was obtained 
as to the effect of shaking, since the same water sample, reaction 
unit, catalyst, gas supply, and gas pressure were used throughout. 
The entire experiment was repeated several times, and two typical 
sets of data are represented in graphical form in Fig. 4.11. It is evi¬ 
dent that shaking has no effect whatever on the time of reaction or on 
the final equilibrium value. 

7.3 Peptizing Agent . To determine the effects of a peptizing agent 
on the equilibration analysis of heavy water, a similar series of ex¬ 
periments was performed. A water sample from the stock solution 
was shaken with a normal portion of catalyst for the various reaction 
times to be studied. Gas analyses and gas introduction were carried 
out as described above. The peptizing agent was then added to the 
flask, and the process was repeated, again with shaking. Thus a 
direct check was obtained on the effect of the peptizing agent on the 
equilibration reaction. Two typical sets of data are given in Fig. 4.12. 
Two conclusions are evident: (l)a peptizing agent serves no essential 
purpose; (2) a peptizing agent does harm in that it introduces a sig¬ 
nificant source of protium contamination. 

A third series of experiments was run in which time studies were 
made first with a catalyst, no shaking, and no peptizing agent; then 
again studies were made with a catalyst, with shaking, and with a 
peptizing agent. Thus, this provided a confirmatory check on the 
combined effects of shaking and peptizing agent. Typical results are 
given in Fig. 4.13. Again the same conclusions are inevitable. 
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These results appear to be quite alarming in view of previous 
statements from the Metallurgical Laboratory and other laboratories 
which hold that shaking and peptizing agent are essential. As far as 



REACTION TIME, HR 



REACTION TIME, HR 


Fig. 4.11-Effect of shaking. .. catalyst, „„ shaking; o. catalyst, shaking 


w,U b, enpected that shaking should ha“o ho oltef "Scftta'o if”" 
reaction ,a a gaaeoua one, „a alndttng ahoutd no, L “, d “ S 
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thTuTn reaCti ° n T ' “ was upon such considerations as these that 
the Metallurgical Laboratory was led to doubt the assumed need for 

shaking and to undertake the experiments outlined above. 



REACTION TIME, HR 



REACTION TIME, HR 

Fig. 4.12 Effect of peptizing agent, o, catalyst, peptizing agent, shaking; •, catalyst, 
shaking. 

Peptizing agent presents a slightly different story since previous 
conclusions as to its necessity were based upon experimental evi¬ 
dence. The Metallurgical Laboratory now believes that the earlier 
experimental evidence was incorrectly interpreted for one or more 
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of several reasons. Slow reactions that resulted when peptization did 
not occur may have been due to the presence of catalytic poisons, 
i.e., the peptizing agent and the catalyst both may have been poisoned 




factors must be carefully contrail pH h f h reaction time, and these 

... , s „, -ressrsssrt 
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The real proof of these apparently radical changes in the equilibra¬ 
tion procedure has been provided by their successful use in routine 
analyses for nine months. Since the new procedure was adopted in 
the Metallurgical Laboratory for all heavy-water analyses, entirely 
satisfactory results have been obtained on more than 650 equilibra¬ 
tions. No apparent loss of reaction time has resulted. Formerly it 
was necessary to run samples in quadruplicate because an average of 
at least one out of four had to be discarded simply because it differed 
greatly from the other three; with the new procedure, duplicate sam¬ 
ples are more than sufficient since not more than a few of the entire 
650 had to be discarded. The observed precision between check anal¬ 
yses has been improved more than twofold (even after discarding 
approximately 25 per cent of all previous equilibrations done with 
shaking and peptizing agent). All this work has been done with heavy 
water, but it is anticipated that the new procedure would be equally 
advantageous in any range. 

At the time the new procedure was put into operation, the purifica T 
tion of routine samples prior to analysis was also stopped, and the 
results have shown the desirability of such a step. Out of the 650 
or more equilibrations it has only once been necessary to purify a 
sample, and that was a sample of 9N DNOg. Included among the sam¬ 
ples which have been successfully analyzed without purification are 
the following: 

1. Weekly check analyses on a large amount of water which con¬ 
tains a visible suspension of some Al-Si complex. 

2. A series of over 25 samples of heavy-water solutions of uranyl 
fluoride in concentrations up to 1.25M. 

3. A series of more than 50 samples of water containing 100 to 
1,000 ppm of various dissolved impurities. 

4. A group of ND 4 OD solutions (of course some ND 3 was probably 
removed during evacuation prior to equilibration). 

Therefore the Metallurgical Laboratory assumes that purification 
is not required in most routine analyses. Since each unnecessary 
step in the procedure introduces unnecessary sources of possible 
protium contamination, purification should not be resorted to unless 
actually found necessary for a particular sample. 

It is concluded, therefore, that equilibration analyses are in general 
best performed without purification, peptizing agent, and shaking. 
This conclusion is based upon direct experimental investigations and 
upon nine months of successful operation in a large number of routine 
analyses. 

7.4 Cleaning of Flasks . It has been found by experience that more 
rapid analyses are obtained if the equilibration flasks are not cleaned 
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between analyses. This is likely due to the beneficial effects of par¬ 
ticles of catalyst imbedded on the inner upper surfaces of the flask. 
It is recommended, therefore, that after an analysis the flask merely 
be emptied of the sample and dried in the oven for the following 
analysis. 



$ 7/25 2MM CAPILLARY 
GROUND-GLASS JOINT 


$ 14/35 GROUND-GLASS JOINT 



(a) 


(b) 


position 4 Adapter Wlth speclal ’ bore stopcock, (a) Filling position 


(b) Evacuating 


. , 7 ‘® Special Equil ibration Flask . When a tank-deuterium gas is 
introduced to a reaction chamber and then the stopcock of the flask 
is closed, a portion of the original gas is trapped in the bore of the 
stopcock. When gas is subsequently released for spectrometer anal¬ 
ysis, that unreacted tank gas is the first to leave the reaction unit 
and enter the spectrometer. Obviously, the sample thus withdrawn is 
no a true sample of the equilibrated gas; the error introduced from 
is source has been found to be as high as 5 per cent. This error 
may be eliminated by discarding the first portion of gas which comes 
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from the reaction unit, or it may be more accurately eliminated bv 

use of the special-bore stopcock, which is shown in Fig. 4.14. By use 

of this special stopcock developed at the Metallurgical Laboratory 

the bore may be evacuated as shown after the gas is introduced to the 

flask below; thus the sample withdrawn for analysis will be a true 
sample of the equilibrated gas. 


REFERENCES 


2 M M w a f r U. “n o' C ' Urey ’ Pr0C ' Nat " Acad - Sci - U - S - 18: 498 (1932). 

2. M. M. Wright, Trail Report 63, Aug. 28, 1944. 

3. J. A. M. van Liempt, Rec. trav. chim., 50: 343 (1931) 

4. J. Graff and coworkers, as reported by F. J. Brooks in Trail Report 63, Aug. 28, 

5. H. L. Johnston, SAM Report 2XR-35 (letter to R. H. Crist), March 1943. 

®' r K ‘ r ® l ’enbaum, J. Graff, and H. Forstat, SAM Report A-2193, Jan. 25, 1945. 

G. H. Walden, SAM Report 100XR-1638, July 1, 1942. 

C. L. Brown and A. K. Redkay, Esso Laboratories, Standard Oil Company of Loui¬ 
siana, Report S-108, Dec. 16, 1942. 

Knowlton and F * D - Rossini, J.Research Natl. Bur. Standards, 19: 605(1937). 

10. A. Farkas, Trans. Faraday Soc., 32: 413 (1936). 

11. A. Farkas, Z. physik. Chem., B22: 344 (1933). 

12. A. Farkas and L. Farkas, Proc. Roy. Soc. London, A144: 467 (1934). 

13. D. Rittenberg (private communication to R. H. Crist), April 1945. 

14. R. H. Crist, SAM Report A-1222, Feb. 23, 1943. 

15. J. S. Smith, C. A. Hutchison, Jr., and C. M. Judson, SAM Report A-575, Mar. 23, 
1943. 


7. 

8 . 

9. 


16. R. Fischer and R. Potter, Metallurgical Project Report CC-2494, Dec. 1, 1944. 

17. G. G. Joris, SAM Report 100XR-382, Mar. 23, 1943. 

18. R. H. Crist and I. Kirshenbaum, SAM Report A-1223, Jan. 9, 1944. 

19. R. J. Voskuyl and R. Fischer, Metallurgical Project Report CC-1915, July 1, 1944. 

20. H. Goren, as reported by R. J. Voskuyl in Metallurgical Project Report CC-2121, 
Sept. 1, 1944. 

21. R. H. Crist, SAM Report A-736, June 18, 1943. 

22. R. J. Voskuyl, SAM Report A-773, July 28, 1943. 

23. R. J. Voskuyl and H. Goren, Metallurgical Project Report CC-1381, Mar. 6, 1944. 

24. R. J. Voskuyl and H. Goren, Metallurgical Project Report CC-2121, Sept. 1, 1944. 

25. K. Fenger-Eriksen, A. Krogh, and H. Ussing, Biochem. J., 30: 1264 (1936). 

26. R. J. Voskuyl, Metallurgical Project Report CC-1915, July 1, 1944. 

27. H. S. McKown, Trail Period Report for Aug. 18 to Sept. 8, 1944. 

28. H. S. McKown, Trail Period Report for Sept. 8 to 24, 1944. 

29. R. B. Fischer and R. A. Potter, Metallurgical Project Report CC-2627, Jan. 1, 
1945. 


30. M. G. Inghram and H. A. Chase, SAM Report A-1208, Oct. 6, 1943. 

31. R. J. Voskuyl, Metallurgical Project Report CC-2627, Jan. 1, 1945. 

32. H. L. Johnston, J. Am. Chem. Soc., 57: 484 (1935). 

33. P. W. Selwood, H. S. Taylor, J. A. Hippie, Jr., and W. Bleakney, J. Am. Chem. 
Soc., 57: 642 (1935). 

34. L. Tronstad and J. Brun, Trans. Faraday Soc., 34: 766 (1938). 



ANALYSIS OF HEAVY WATER BY THE MASS SPECTROMETER 259 


35. C. H. Greene and R. J. Voskuyl, J. Am. Chem. Soc., 58: 693 (1936). 

36. R. J. Voskuyl, M. G. Inghram, and B. M. Rustad, SAM Report, Oct. 1, 1943. 

37. M. Cohn and H. C. Urey, J. Am. Chem. Soc., 60: 679 (1938). 

38. G. A. Mills and H. C. Urey, J. Am. Chem. Soc., 62: 1019 (1940). 

39. A. F. Reid and H. C. Urey, J. Chem. Phys., 11: 403 (1943). 

40. N. U. Meldrum and F. J. W. Roughton, J. Physiol. London, 80: 113 (1933). 

41. D. A. Scott and J. R. Mendive, J. Biol. Chem., 139: 667 (1941). 

42. R. C. Hawkings, R. L. Graham, A. L. Harkness, and H. G. Thode, Canadian Report 
MC-31, Nov. 30, 1943. 

43. H. A. Chase, SAM Report, Sept. 22, 1943. 

44. R. H. Crist, SAM Report 2L-79 (letter to T. H. Chilton), Mar. 4, 1943. 

45. H. S. McKown, Trail Report, Apr. 21, 1944. 

46. R. B. Fischer, R. A. Potter, and R. J. Voskuyl, Metallurgical Project Report CC- 
2994, May 1945. 



Chapter 5 


OTHER METHODS OF ISOTOPIC ANALYSIS OF HEAVY WATER 


1. INTRODUCTION 

Some of the most interesting and most widely used methods for the 
analysis of water for its deuterium content are those methods based 
upon the variation of some physical property of water with its deute¬ 
rium content. Only the more important of these methods will be 
discussed in this chapter. 

2. SPECIFIC GRAVITY OR DENSITY METHODS 

2.1 Introduction . Any discussion of analytical methods should 
include those methods based upon the fact that H 2 0 and D z O differ in 
density (or specific gravity). Since this difference is about 10 per 
cent, the density of a sample is quite sensitive to its deuterium con¬ 
tent. Consequently, some of the most precise methods of analysis 
are those which are based upon a determination of this difference. 
There are many different ways of determining the specific gravity 
far density) of a sample of water, the principal ones being the pyc¬ 
nometer method, the float method, and the falling-drop method. These 
methods will be discussed in detail in the following sections. Other 
density methods, such as the use of ‘the Westphal balance, will also 
be considered in some detail. 

2.2 Pycnometer . The determination of the specific gravity of a 
sample of water by means of a pycnometer has already been con¬ 
sidered in detail in Chap. 1, Sec. 3.1. It was seen there that the pyc- 
nometric method of analysis is relatively simple, although it is time 
consuming and requires, for highest accuracy, an analyst with a 
special temperament. Complex apparatus is not necessary; but a 
good balance, a calibrated set of weights, a thermostat, and some¬ 
times a dry box, are required. Precision work can, moreover, be 
done with relatively small samples of water. A 7-ml pycnometer, for 
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example, was used at Columbia University for precision work. The 
samples of water must be purified before analysis. 

There are numerous modifications of the pycnometric determina¬ 
tion of the density of heavy water, not all of which need be considered 
in detail. An interesting modification, however, is that used by Wash¬ 
burn and Smith 17 at the National Bureau of Standards. This is a dif¬ 
ferential method for measuring small differences in density. Two 
silica pycnometers having very closely the same size, shape, and 
weight are used. Each pycnometer has a single capillary stem con¬ 
taining a reference mark. This reference mark, which was made with 
a diamond point, is less than 0.01 cm wide. The capillary volume is 
determined by calibration with mercury. The volume of each pyc¬ 
nometer up to the reference mark is determined with an accuracy 
of 0.1 per cent by weighing empty, filling with distilled water to any 
suitable height in the capillary above the reference mark, determin¬ 
ing this height relative to the reference mark with a cathetometer 
while the pycnometer is in a water thermostat,reweighing,and apply¬ 
ing a correction for the volume of water in the capillary above the 

reference mark. The capillary stems are capped with ground-glass 
stoppers. 


In determining the difference in density between a given sample 
and a standard water, one pycnometer is filled with the sample and 
the other with the standard water. The pycnometers are then placed 
side by side, with the ground-glass stoppers loosely in place, in a 
thermostat. After thermal equilibrium has been attained, the height 
of the meniscus above the reference mark in each capillary is meas¬ 
ured by means of the cathetometer. The pycnometers are then re¬ 
moved from the thermostat, dried, and placed on opposite pans of a 
balance. The stoppers for the capillary stems are, of course, now 
tightly in place in order to minimize loss by evaporation. After the 
ifference in weight has been determined, the pycnometers are emp- 
tied and then refilled, so that the first pycnometer now contains the 
s ndard water and the other contains the sample. Again the capillary 
heights and the difference in weight on the same balance pans are 

determined.' differ6nCe in densi ‘y ° f the waters is then easily 


Let P x = weight of pycnometer 1 
P 2 = weight of pycnometer 2 


v x - volume of pycnometer 1 to the reference mark 
v 2 - volume of pycnometer 2 to the reference mark 
d density of the sample being studied 
d 0 = density of the standard water 
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» h" = height of water above the reference mark in the capillary 
of pycnometer 1 in the first and second fillings 
K>K' = height of water above the reference mark in the capillary 

of pycnometer 2 in the first and second fillings 
AvJ, AvJ' = volume of water above the reference mark in the capil¬ 
lary of pycnometer 1 in the first and second fillings 
Avg , Avg' = volume of water above the reference mark in the capil¬ 
lary of pycnometer 2 in the first and second fillings 
m l = difference in masses after the first filling 
m 2 = difference in masses after the second filling 
If pycnometer 1 is always placed on the right-hand pan of the bal¬ 
ance, the following conditions hold true: 

0 

P 2 + v 2 do + Av 2 do = P l + Vjd + Avid + m 1 
P 2 + v 2 d + Av 2 ' d = Pj + Vjdo + Av"d 0 + m 2 

Subtracting and rearranging gives 

(v 2 + v 2 )(d - do) = (m 2 - mj + (AvJ'do - Avjd) - (Av^'d - Av^) 

Since this method is used only for the measurement of small differ¬ 
ences in density, i.e., d - d 0 < 0.001, 


d -do 


(m 2 - m x ) do^Av" - Avj) - (Av^ - Av^ )] 

v, + v 2 



It is advantageous to adjust the capillary heights to make the correc¬ 
tion (AvJ' - Av/) - (av 2 ' - Av 2 ) small and thus avoid the necessity 
for a very precise calibration of the capillaries. 

A bulb volume of 50 ml and a capillary diameter of about 0.1 cm 
were found to be suitable for most work. For a precision in(d - do) of 
1 ppm (1 y) with pycnometers of this size, a convenient distribution 
of precision in the measurements is as follows: 

1. The thermostat is held constant to ±0.01°C. The lag in the pyc¬ 
nometers is sufficient to maintain their temperature constant to 
0.002°C. 

2. The capillary heights are read to 0.001 cm. 

3. The weighings are made to 0.03 mg. 

This differential pycnometric method has the following advantages: 

1. The dry weights of the pycnometers are not required. 

2. The pycnometers are so similar that the effects of varying 

humidity are balanced. 
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3. The effect of barometric and hydrostatic pressure on the capil¬ 
lary heights is balanced. 

4. The (negligible) evaporation past the ground-glass stoppers is 
balanced. 

5. The temperature of the thermostat need not be accurately known, 
but it should be constant and uniform while the pycnometers are in 
the bath. 

6. The correction for air buoyancy affects only the small differ¬ 
ence of the differences [(Av" - AvJ) - (Av^'-Av^)]in the capillary 

volumes. With proper adjustment of heights, even this correction 
may be made negligible. 

7. No unusual apparatus or particular skill is required for meas¬ 
urements precise to 1 ppm or 1 y. 

Washburn and Smith used this differential method in their study of 

the density of water from various sources. The use of the method 

may perhaps be best understood by examination of a typical set of 
data. 

Calibration of capillary 1 = 0.00861 ml/cm 
Calibration of capillary 2 = 0.00843 ml/cm 

h/ = 5.117 cm h" = 4.595 cm 

ha' = 4.785 cm h 2 " = 4.575 cm 

m i = -3.79463 g m 2 = -3.79111 g 

m 2 ~ m 1 = 0.00352 g 

v x + v 2 = 112 ml 

(Av/ - Av,") = (5.117 - 4.595)(0.00861) = 0.00449 
(Av^ - Av") = (4.785 - 4.575)(0.00843) = 0.00177 
(Av" - Av,') - (AVj' - Av,) = -0.00272 

Hence 


d-d 0 = 


0.00352 - 0.002 72dn 
112 


= 0.0000072 g/ml 
= 7.2 ppm = 7.2 y 
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The formulas relating the deuterium content of a sample of water 
to its density (or specific gravity) were derived in Chap. 1, Sec. 3.4. 
In using these formulas, it must be remembered that the density (or 
specific gravity) of a sample of water is also a function of the 0 18 
content of the water. Consequently, before applying these formulas, 
the 0 18 content of the sample of water must be determined, and the 
observed density must be corrected for the deviations of O 18 content 
from normal. The method of making this correction was also dis¬ 
cussed in Chap. 1, Sec. 3.1. Instead of correcting the observed den¬ 
sity for the O 18 content of the water, the sample may be normalized 
before the density or specific gravity of the sample is determined. 
It may be normalized with sulfur dioxide, as discussed in Chap. 4, 
Sec. 6.3; with carbon dioxide, as was done by Hall and Jones; 18 or 
with oxygen, as suggested by Jones and Hall. 19 

2.3 Float , (a) Introduction . The use of a float for determining 
specific gravity was perhaps first suggested by Davy in his work on 
the density of the alkali metals. Subsequently, Pisati and Reggiani 1 
used a float method for studying liquids. These investigators were 
primarily interested in the density of sea water, and they used two 
methods of study. In one method, a sinker of known specific gravity 
was psed, and distilled water was added to the solution under investi¬ 
gation until the sinker hovered in the body of the liquid. In the other 
method, this floating equilibrium was attained by the addition of plati¬ 
num weights to the sinker. Nansen, 2 in 1896, while studying the sa¬ 
linity of the sea water in the north-polar basin, developed the same 
method independently using chiefly what corresponded to the second 
modification of Pisati and Reggiani. Weights were added to the sinker 
until equilibrium was nearly attained. The final adjustment was ob¬ 
tained by slight variations of the temperature. Warrington 3 also pro¬ 
posed and used this method in 1899. Accuracies of the order of 1 part 
in several hundred thousand were obtained by some of these investi¬ 
gators. More recently, Richards and coworkers 4 " 6 proposed a modi¬ 
fication of this method in which temperature was made the variable 
factor,and they applied the modified method to the quantitative analy¬ 
sis of solutions with marked success. This modified method, as pro¬ 
posed by Richards et al., depends upon noting the precise tempera¬ 
ture at which the unknown solution attains exactly the same density 
as a given, previously calibrated float. This equality in density is 
marked by the familiar phenomenon known as “floating equilibrium, 
where the wholly immersed solid neither rises nor sinks in the liquid. 
The higher the density of the unknown solution, the higher the tem¬ 
perature necessary to attain floating equilibrium. 
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Lamb and Lee 7 proposed producing a displacement of the float by 

(1) using a not-too-rigid sinker and altering its buoyancy at will by 
changing the pressure of the air above the liquid and (2) enclosing a 
piece of soft iron in the bulb of the float and, by means of an electric 
current sent through a properly placed external circuit, exerting an 
electromagnetic attraction in a vertical direction upon the bulb. 

Lamb and Lee adopted the second method for their work, suggesting 
that the first modification might be complicated by variations in the 
solubility of the air in the solution as the pressure was changed. 
However, modifications of the temperature float of Richards et al 
and of the pressure float proposed by Lamb and Lee are princi¬ 
pally now being used to analyze water for its deuterium content. 

Th /t^ gnetlC fl ° at haS als ° been used in a number of investigations. 

g. em P erature Float. ( 1 ) Introduction . The temperature-float 
method of analyzing water for its deuterium content has been used by 

Among the earliest investigators were Lewis and 

MacDonald, Briscoe and coworkers, 9 ' 10 Dole, 11 and others. The tern- 

?!^ USed at thG Columbia University laboratories 
and associated laboratories by Voskuyl and coworkers, 12 McKown 13 

Dole and coworkers,“ and by Wright. 15 ' 19 The principle upon which 
he temperature float is based is quite simple. The temperature at 
which a small quartz or glass float has the same density as an un¬ 
known water sample (i.e., the float neither rises nor falls) is com- 
pared with the temperature at which the float has the same densUy 
s a standard water. This temperature difference, together with the 
data on the coefficients of expansion of water, q uartz and D 2 0 P er 

standar a i C waters. 0f ^ *" 016 denS ‘ tieS ° f the ^"own and 

(2) Float. The material of which the float is made is of some im 
portance. Fused quartz is the ideal material for floats because of its 

permanence) 1 !!!^*^^^^!^!!^^!^*^ThT e design a of S *th en fi* 1 ' 

Ter 

certainly to small differences in the densit^of the rapldly and 

as described by Emeleus et al k the liquid * This float, 

diameter. A ring at the too nermm H * ° U mm long anc * * mm in 

*»— <«. ,l, r„.r? y t ? 01 a? a °“ 

was used at the Trail laboratories It ?? JI?* ?? Wn * n Flg * 5 * 1 > 
...«««... lt 
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pie at 24°C. Voskuyl and coworkers used a cigar-shaped quartz float 
which was somewhat wider near the bottom than near the top. The 
density of this float was such that it could be used with Columbia 
University distilled water at 25.2°C. 



Fig. 5.1—Typical quartz float. 


The density of a float obviously depends upon both its weight and 
volume. The volume is determined by the size of the hollow air gap 
in the float. The weight is determined by the amount of glass or 
quartz attached to the float. Approximate adjustments of the weight 
of the float may also be made by the addition of mercury or shot in 
the hollow space before sealing. The final adjustment to the desired 
weight (density) is made by adding glass or quartz to, or subtracting 
it from, a short rod attached to one end of the float. In the case of a 
quartz float, very small changes in weight may be effected by heating 

it in a hot flame and evaporating off some silica. 

The float must be kept scrupulously clean. It is advisable to clean 
it at least once a week (or oftener if necessary) with a hot mixture of 
equal parts of nitric and sulfuric acids. After cleaning with the acid 
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solution, the float is rinsed thoroughly and is allowed to stand over¬ 
night in conductivity water. The float is rinsed again the next day and 
is kept under water when not in use. 

(3) Purification of Sample . The samples to be analyzed by the 
float must be very pure. When purifying the water to be analyzed, 
extreme care must be taken to prevent even small amounts of iso¬ 
topic fractionation since deuterium contents are determined by means 
of the float to about 0.0002 mole %; i.e., densities are measured to 
about 0.2 y (0.0000002 density unit). Many methods have been sug¬ 
gested for purification of the waters being analyzed. Some of the 
better methods have been developed over a long period of time, and 
it is usually difficult, if not impossible, to credit them to any one 
group of individuals. 

Dole et al. 14 described an evaporator which purifies water with 
negligible isotopic fractionation within experimental error. This 
apparatus is shown schematically in Fig. 5.2. The sample of water 
to be purified is placed in the water container (K). This water flows 
slowly (approximately 1 ml/min) down the capillary-drip bulb (F) (the 
rate of flow being controlled by the nichrome wire) into the steam - 
heated coil* of condenser E. Countercurrent to this flow of water is 
an upward stream of dry air (approximately 0.4 liter per minute). 
The water, as it meets the air in the steam-heated coil, is carried 
upward in the form of vapor into condenser H. The vapor is con¬ 
densed here, and the condensate flows into the catch basin (G), from 
which it overflows into the sample-collection tube (J). The tube is 
also used as a float chamber. This evaporator has the advantages 
that (1) complete evaporation of the water avoids isotopic fraction¬ 
ation and (2) the avoidance of bubbles and bursting pockets of steam 
under the water surface eliminates the formation of spray. 

The apparatus is steamed with small quantities of pure water after 
purification of any samples suspected of having been seriously con¬ 
taminated. Contamination of one sample with another of different 
density is avoided by steaming the evaporator with pure water of 
suitabie deuterium concentration. The apparatus is always thoroughly 
dried before use by flaming and by passing steam through all the 
condenser jackets. The exit of the evaporator should not be left ex- 
posed to the atmosphere. It may be wiped, if necessary, with clean, 

flame. U ***** g6ntly ^ a stron ^y reducing bunsen 


iJ2 , &SEi y ? irrr ,or steam * b ° m ^ ■*■»* u q „, d 

furnace about the acket Ground ' !"‘ Cient e ™P°™tor by buHdlng a 

chlorobenzene within the jacket. eeplng ^ co11 at 133*C with boiling 
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This distillation procedure removes only nonvolatile impurities. 
Dissolved gases, such as ammonia, carbon dioxide, and nitric and 
hydrochloric acids, are carried along with the water vapor and will 



Fig. 5.2—Diagram of evaporator. A, CuO furnace (550°C). B, CaCl 2 column. C, soda 
lime column. D, dry-ice trap. E, H, 300-mm condensers. I, 150-mm condenser. 
F, capillary-drip bulb. G, catch basin. J, sample-collection tube (float chamber). 
K, water container. 


redissolve, at least partially, in the water as it reforms in the con¬ 
denser. This may be seen from the following data: 

Laboratory-distilled Water: Distilled water with a specific con¬ 
ductance (k) of 5 x IQ" 6 was fed into the apparatus. The product 
from the evaporator had a specific conductance of 1 x 10" . 

Water Containing Carbon Dioxide: Carbon dioxide was bubbled 
through distilled water until its concentration was 0.02M. On passage 
through the evaporator, the concentration fell to 0.0002M. 

Water Containing Ammonia: One treatment in the evaporator low¬ 
ered the concentration of ammonia from 0.01M (k= 1.06 x 10 0 
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0.001M (a: =3.5 x 10 5 ). A second treatment lowered it to 0.0001M 
( k= 1 x 10-5). 

Water Containing Nitric Acid: A- little nitric acid was added to 
distilled water until the specific conductance became 6 x 10~ 5 . On 
passage through the evaporator, the specific conductance of the prod¬ 
uct fell and then ros£, showing that nitric acid was probably accumu¬ 
lating in the evaporator. The results are shown in Table 5.1. 


Table 5.1 — Specific Conductance of Water Contaminated 
with Nitric Acid after Passage Through the Evaporator 


k x 10 s (in order 

Water obtained, ml 

of sampling) 

11 

1.7 

25 

0.8 

14 

0.9 

33 

1.2 

14 

3.8 

7 

5.4 


Nitric Acid Neutralized with Barium Hydroxide: A dilute solution 

of nitric acid (0.005M) was treated with a slight excess of barium 

hydroxide. One passage through the purifier produced water with a 
specific conductance of 0.8 x 10" 8 or less. 

0 0 A om?w Ne T liZed With Ph0Sph0riC Acid: On neutralizing a 

and T ammonia with a sli S ht excess of phosphoric acid 

and passing the neutralized solution through the evaporator water 

with a specific conductance of 0.75 x 10' 6 was obtained 
Water Containing Calcium Nitrate (0.2 Per Cent): One treatment in 

DhtTn w t 71elded Wat6r with a specific conductance of l.lx li- 

sne 1 f T Wlth a Trace ° £ phos Phoric Acid: Water with a 
specific conductance of 0.7 x lO’ 6 was obtained 

waterdfatTomT 5 to re i ect ^e fi'rst few milliliters of 

in o^er to ^liminatJ errors 

suction, ^ nece^ry^an'dTv 0,6 * Vap ° rat0r by app ^ng aspirator 

while passing 6 stean^^through^theTmjndeMer^rfcet XT'* “ 

material recovery of 98 ner cent nr hT t ‘ 0118 a 

r r, -—- - * »»»tsf- 
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the water sample must be given a preliminary purification. Voskuyl, 
Davis, and Saxer 12 used an initial purification step similar to that 
described in Chap. 4, Sec. 5.2c(3). This step consisted of a total 
distillation of the water sample (approximately 20 g) at atmospheric 
pressure from small amounts (approximately 0.01 g) of potassium 
permanganate and barium oxide through a copper oxide furnace heated 
to 550°C. This was followed by purification in the evaporator. A 
trace (approximately 0.001 g) of barium oxide was added to the water 
before treatment in the evaporator. 

A sample suspected of serious contamination with organic matter 
or with such inorganic impurities as sulfur dioxide or ammonia must 
be treated more vigorously. A treatment found adequate for most 
samples is as follows: 

1. The water sample is digested for 2 hr with excess potassium 
permanganate and barium oxide. 

2. The sample is then distilled through a copper oxide furnace. 

3. The water is redistilled from a small amount of potassium per¬ 
manganate and barium oxide through the furnace, which has been 
steamed with distilled water between distillations. 

4. Finally, the water sample is treated one or more times in the 

evaporator. 

Dilution with normal water from the atmosphere is an important 
possible source of error in the analysis of samples containing more 
than 0.05 mole % deuterium. Care must therefore be taken to avoid 
exposure of samples to the atmosphere. The purification apparatus 
must be swept out with dry air before use. In spite of all precautions, 
Voskuyl, Davis, and Saxer detected dilution errors of 0.1 to 0.5 y in 
samples containing about 1 per cent deuterium which were handled on 
damp days. Without precautions, errors of the order of 5 to 10 y 
were observed. 

Isotopic fractionation in a properly functioning capillary-drip evap¬ 
orator is slight; errors of approximately 0.1 to 0.2 y were observed 
with samples containing 1 per cent deuterium. With waters in the 
normal range, this error is less than 0.10 y. For proper functioning 
of the evaporator, the drip rate of the water sample and the steam 
pressure around the steam-jacketed spiral should be so adjusted tha 
water from the sample evaporates almost immediately as it strikes 
the hot zone of the spiral. If a visible globule of unevaporated water 
is allowed to persist in the spiral, fractionation errors of 1 y or 
more may be made with water containing 1 per cent deuterium. 

A material recovery of 99 per cent (for a 20-g sample) may be 
obtained in the distillation through the hot copper oxide furnace. T 
loss may correspond to a fractionation uncertainty o . r 
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normal-water samples and 1.6 y for samples containing 1 per cent 
deuterium. The errors that may be introduced during this step in the 
purification procedure are detectable in all but the normal deuterium 
range (see Chap. 6). When high precision is demanded with waters 
other than normal that are contaminated with volatile organic im¬ 
purities, a flash evaporation through a small furnace should be sub¬ 
stituted for the distillation procedure over hot copper oxide mentioned 
above. 

(4) Analysis . The water sample, as has been seen, is distilled 
directly into the float chamber. Test tubes 25 by 100 mm make very 
convenient float chambers. These tubes should be carefully cleaned 
in a manner similar to that used for the float (Sec. 2.3b). A long hook 
made of a small-diameter glass rod is used for removing the float 
from the tube. A long, small-diameter rod may be used for manipu¬ 
lation of the float in the float chamber. The chamber is immersed in 


a thermostat, which is usually a two-tank device, in accordance with 
the suggestion of Lamb and Lee. 7 The outer tank, which is small but 
well insulated, is filled with water which is stirred vigorously. The 
temperature of this bath is controlled by a mercury regulator and 
vacuum-tube relay. The float chamber is placed in an inner bath con¬ 


sisting of a cylindrical battery jar also filled with water. This jar 
rests on rubber stoppers in the outer tank and is held in place by a 
copper strip supported from the wooden cover on the outer tank. By 
means of this dual-tank thermostat, the temperature of the inner bath 
is maintained constant to ±0.0003°C for periods of time sufficiently 
long to allow accurate observations on the rate of rise or fall of the 
float. For high accuracy,the temperature is measured by a platinum- 
resistance thermometer, using a Mueller bridge and a high-sensitivity 
galvanometer (sensitivity 0.2 |iv/mm). With this setup, a tempera¬ 
ture difference of about 0.0003°C can be detected. At 25°C, this tern- 
perature difference corresponds to a difference of 0.078 v ’in density 
The current through the platinum-resistance thermometer may cause 

?. IT f t ing ef / ect which, however, is not particularly troublesome 
if sufficient time is allowed between readings. 

fJtheM 3 P n CCi t eBeCkmann thern > ome ters maybe substituted 
for the Mueller bridge and the resistance thermometer. The usual 

f n e n C !!‘°" of readlng the Beckmann thermometer (i.e., approximately 
0.001 C) corresponds to an error of 0.26 y in the density at 25°^ 

However, varying room temperature and pressure, thermal hystere ’ 
sis of the glass, sticking of the mercury in the thermometTr capinarv 
etc., may considerably increase this uncertainty. Two Beckman 
thermometers should be used, and a standardized method of readC 
necessary to minimize personal errors. Blank determinations with 
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standard waters must be made quite often in order to keep errors at 
a minimum. The room temperature must be controlled to ±1°C. In 
spite of all such precautions, the results with a Beckmann thermom¬ 
eter may not be much better than 0.3 to 0.4 y.* 

The float is first calibrated by determining its flotation tempera¬ 
ture in a standard water. This is the temperature of no motion. For 
analysis of waters of low deuterium content (up to approximately 
1 per cent), the standard water used is usually ordinary distilled 
water. The position and movement of the float are noted by means of 
a telescope or cathetometer. After calibration, the float is washed 
with water with a density close to that of the unknown, and it is then 
placed in a float chamber containing the unknown water. The float 
chamber is submerged in the inner tank of the thermostat, and the 
thermostat temperature is changed until the temperature of no motion 
of the float is again obtained. In this work it is of utmost importance 
that enough time be permitted to elapse, after the thermostat tem¬ 
perature has been changed, for the inner bath and the float chamber 
to attain thermal equilibrium. 

The density of the float is known from its calibration with the 
standard water. Actually, however,this is the density at the tempera¬ 
ture of flotation in the standard water and not the density at the tem¬ 
perature of flotation in the unknown waters. Since these two tempera¬ 
tures are usually not far apart, the latter density may be calculated 
from the former with sufficient accuracy by use of the thermal- 
expansion data of quartz, pyrex, or whatever material was used to 
make the float. The low thermal expansion of quartz, therefore, 
makes it a preferred material for these floats. The density of the 
unknown liquid is then calculated at a definite temperature (usually 
20 or 25°C) using the known coefficients of thermal expansion of H 2 0 
and D z O. The same is done for the standard water. From the differ¬ 
ence of the two densities, the difference in deuterium content can be 
calculated by means of the formulas given in Chap. 1, Sec. 3.4. As 
will be seen later, the density of the float may change with time. It is 
necessary, therefore, to determine the flotation temperature in the 
standard water, i.e., to calibrate the float, frequently. The frequency 
of this determination depends upon the accuracy desired and the 

constancy of the float. 

It is obvious that this method of directly observing the temperature 
of no motion can become tedious and time consuming. Fortunately, 


*Voskuyl« observed discrepancies as large as 0.010°C (2.6 y) between the tern 
peratures recorded by a Beckmann thermometer and by a platinum-resistance 

mometer. * 
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however, it is usually not necessary to use this method of trial and 
error. Richards and Shipley 4 ’ 5 found that a change of 0.001 °C at the 
flotation temperature is sufficient to reverse the direction of the 
motion of the float. This observation has been confirmed in many 
other laboratories. Emeleus et al., 9 moreover, have shown that, over 
a temperature range of the order of about 0.1 °C, the velocity of the 
float (which is substantially constant at a given temperature) shows 
essentially a linear relation with the departure from the true flotation 
temperature. Thus, by plotting the temperature of the float versus 


Table 5.2 — 

Effect of Temperature Difference on the Velocity of the Float 

Temp. (T 0 ), 

O /s 

Time of movement 

Average velocity, 


c 

through 1 mm, sec 

mm/sec 

AT,* °C 

20.354 

20.344 

20.338 . 

20.336 

20.335 

20.332 

20.326 

15 

0.067 (falling) 

+0.019 

30 

85 

250 

960 

100 

33 

0.033 (falling) 
0.012 (falling) 
0.004 (falling) 
0.001 (falling) 
0.010 (rising) 

0.030 (rising) 

+0.009 

+0.003 

+0.001 

±0.000 

-0.003 

-0.009 

from Fig T 5 3 ^ Ts iS the trUe flotation temperature 

as obtained 


mav hi f ? Elng and falllng) ’ 016 “^perature of no motion 

if thi n * y lnter P° lation - » is also possible to plot the velocity 
of the float versus the deviation of the particular temperature from 

the true flotation temperature, this temperature having been obtained 

F?gs ?3 a?d1 4 r b P \ Th6Se r6latl0nS are ShOW " * ITZa 

T'J ' 4 ty a yplCal Set of data g‘ ven ^ Emeleus et al 9 

zsz ssrzzsz ir r- -»—.; 

srstirif. r - sw.- 

100 sec at 20 I Ume ^ the float ^es 1 mm in 

temperature must be below the true fmJIr' T riSlng ’ the observed 

the float motion should t * 'T """ obse ^tions of 

Procedures similar to the \ neighborin S temperatures. 
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with a rate of rise or fall of the order of 0.15 mm/min per 0.001°C 
(0.0025 mm/sec per 0.001 °C). The coefficient of the rate of rise 
or fall was obtained by very careful observations over a range of 



TEMPERATURE,°C 


Fig. 5.3—Velocity of a float as a function of temperature. 


±0.01°C around the true flotation temperature. With a good cathetom- 
eter, over a time interval of 3 min or more, the rate at any one tem¬ 
perature could be found within ±0.02 mm/min or less. This is equiv¬ 
alent to an error in temperature of about 0.0001 °C and in density at 
25°C of about 0.026 y . For the most precise work, the determination 
of the flotation temperature should be based on several mutually 
consistent observations made at temperatures within 0.002°C of the 
actual temperature of zero rate. For routine measurements, some 



OTHER METHODS OF ISOTOPIC ANALYSIS OF HEAVY WATER 275 


time can be saved by extending this range to ±0.005 °C. Since the 
coefficient of rate of rise or fall depends on such factors as size and 
shape of the float, viscosity of the water, and the coefficient of ex- 



temperature difference at, °c 


Fig. 5.4—Velocity of a float as 
0.0035 mm/sec/0.001 °C. 


a function of 


temperature 


difference AT. 


Rate = 


l■ —*—— 

* ““rn: sus nzsi “ - b - 

- SS■S.STJSStt - 
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than 0.2 y. Emeleus et al., 9 on the other hand, found quite a large 
effect at the same temperature. Titani and Morita 20 reported a solu¬ 
bility effect of about 0.9 y at 9.5°C upon saturation of water with air. 
Marek 21 found an appreciable effect below 20°C. His data are sum¬ 
marized in Table 5.3. Voskuyl, Davis, and Saxer 12 found a decrease 
in density due to saturation with air of*0.58 ± 0.11 y at 21°C and 
0.97 ± 0.08 y at about 6°C. 


Table 5.3 — Effect of Saturation with Air 
on the Density of Water 


Temp., °C 


Decrease in density 
upon saturation, y 


0 

5 

8 

10 

15 

20 


2.5 

3.3 

3.4 

3.2 

2.2 
0.4 


As a result of these and other experimental data, some labora¬ 
tories have at one time or another made it a rule to outgas their 
water samples before analysis (see, for example, references 11, 20, 
and 22). Since, however, this operation involves another step in which 
contamination or isotopic fractionation may take place, it would seem 
best to omit the outgassing step, if this is at all possible. Titani and 
Morita, 20 in comparing Cambridge, Mass., tap water with Osaka, 
Japan, tap water (see Chap. 6), found no effect within their experi¬ 
mental error of 0.2 y on their final result due to air in the water. 
This was true only provided that the two waters being compared were 
treated in the same way. In other words, if the reference water and 
the unknown water are both saturated with air, the effects of the air 
tend to cancel. This has been substantiated by the work of Voskuyl, 
Davis, and Saxer, 12 who found that outgassing may be omitted. It 
will be recalled that these workers used the evaporator in purifying 
samples for analysis. As can be seen from the discussion of the 
evaporator [Sec. 2.3b(3)], the water, as it reached the float chamber, 
was probably saturated with air at the temperature of the condenser. 
Voskuyl et al. found that the densities of water samples thus treated 
were somewhat more reproducible than were the densities of the 
water samples which were outgassed. This may be seen from the 
data in Table 5.4. The average deviations for the samples not out- 
gassed (equivalent to about ±0.02 and ±0.05 y) are less than those for 
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the outgassed samples (equivalent to ±0.11 and ±0.09 y). However, a 
word of caution is in order if air-saturated samples are analyzed. 
Air bubbles sometimes collect on the float and naturally affect its 
density. Such bubbles must be removed. 

(5) Results . The data 12 in Table 5.5 show the reproducibility that 
may be obtained when analyzing a sample of normal water (Chap. 6) 
which does not require an intensive purification. With due precautions 


Date 


3-2-43 


3-11-43 


Table 5.4 — Effect of Outgassing on the Balance Temperature of 

Columbia University Distilled Water 

Resistance* of platinum thermometer at 
balance temperature, ohms 


Condenser 

Expt. 

Sample 

containing 

Sample outgassed 

1 min with 

temp., °C 

No. 

air 

aspirator at 25°C 

Room temp. 

178 

28.11958 

28.11977 

(~21) 

179 

28.11959 

28.11989 


180 

28.11960 

28.11981 


Av. 

28.11959 ± 0.000007 

28.11982 ± 0.00004 

6 

209 

28.12093 



210 

28.12088 

28.12123 


211 

28.12089 

28.12130 


Av. 

28.12090 ± 0.00002 

28.12126 & ± 0.00003, 


*28.11958 ohms = 25.22°C; 0.00001 ohm = 0.0026 y. 


to assure clean apparatus, the average deviation over a period of days 

b T!r i L b ° Ut 0-2 “> however > the evaporator is not cleaned 

rl purification of a badly contaminated sample the 

reproducibility is not so good. ’ 

samntp effiCie I! Cy °“ he methods of purifying badly contaminated water 
samples is shown by the date in Table 5.6. These purification pro- 

oqw r T e irTei diSCUSSed in Sec ‘ 2.3b(3). Samples 265, 266, 269 and 
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Table 5.5 —Balancing Temperature with the Mueller Bridge for Standard Normal Water 


Date 


Expt. No. 


Resistance of platinum Average 
thermometer, ohms deviation, y 


3-3-43 182 

183 


28.11987 

28.12014 


Remarks 


Av. 28.12001 ± 0.00014 0.36 


Float cleaned 


3-11-43 

209 

28.12093 


210 

28.12088 


211 

28.12089 

3-12-43 

213 

28.12068 

3-13-43 

216 

28.12118 

3-15-43 

215S 

28.12089 


216S 

28.12117 


218 

28.12114 

3-16-43 

221 

28.12085 

3-17-43 

223 

28.12083 


Av. 28.12084 ± 0.00006* 0.15* 

28.12094 ± 0.00013t 0.33t 


At time these samples were being 
purified, purification apparatus 
was also being used for badly 
contaminated samples contain¬ 
ing SO, and organic matter; 
purification apparatus was not 
steamed between samples 


Float cleaned 


3-23-43 

237 

28.12158 

3-24-43 

240 

28.12135 

3-25-43 

241 

28.12130 


242 

28.12119 


244 

28.12151 

3-26-43 

246 

28.12133 

3-27-43 

247 

28.12140 


248 

28.12138 

3-28-43 

250 

28.12147 


254 

28.12152 


At time these samples were being 
purified, purification apparatus 
was also being used for badly 
contaminated samples; purifica¬ 
tion apparatus was not steamed 
between samples 


Av. 28.12141 i 0.00009st 0.23t 


Float cleaned 


3-29-43 

255 

28.12222 

4-1-43 

262 

28.12221 


263 

28.12218 


264 

28.12220 

4-3-43 

267 

28.122341 


268 

28.12220 

4-6-43 

282 

28.121985 

4-7-43 

283 

28.12228 


284 

28.12225 


At time these samples were being 
purified, purification apparatus 
was being used for badly con¬ 
taminated samples containing 
SO, and organic matter, but all 
apparatus was steamed for 
short intervals between 
purifications 


Av. 28.12222 i 0.00003 0.08 


’Average of only the values obtained with uncontaminated evaporator, 
tAverage of all values. 

(Float not rinsed or blotted before transfer from a sample denser by 30 y; omitted from average. 
SRoom temperature dropped from the usual approximately 21 to 17°C. 
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impurities and required only a single evaporation for purification. 
Although reevaporation was found to change the density by a detect¬ 
able amount, the agreement between independent samples was excel¬ 
lent. In this work, standard samples with deuterium contents close to 
those of the unknown water samples were used as reference water. 


Table 5.6—Comparison of Purification Treatments of Badly Contaminated Samples 





Density* 


Expt. No. 

Purification procedure 

Ay, 

Ay 2 

A *s 

Ay, 

238 

No digestion; one distillation 

1.5 

1.1 

1.4 

1.2 

239 

followed by one or more 

1.3 

1.0 

1.4 

1.2 

243 

evaporations 

58.2 

57.8 

57.6 


244 


58.2 


57.6 


249 


57.8 

57.1 



251 


57.6 

57.1 



265 

Digestion and double distillation 

27.4 

27.4 




followed by one or more 






evaporations 





266 

Digestion and one distillation 

28.5 

27.4 

27.2 



followed by one or more 






evaporations 





269 

Digestion and one distillation 

28.2 

27.9 




followed by one evaporation 
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Digestion and double distillation 

4.1 

4.1 




followed by one or more 
evaporations 


is apparent density difference from normal water after one evaporation: Av 
after two evaporations; Ay s , after three evaporations; Ay,, after four evaporations. 


Thus wiUi care the precision of analyses of relatively pure water 
with 1 per cent deuterium is about the same as for normal water 
provided, of course, that the reference water contains approximately 

^f. er .. Ce " t ] tt is possible, in fact, to generalize and state 

that the float may be adopted for use in almost any range of deu¬ 
terium concentration by proper calibration against an appropriate 
reference water. Voskuyl et al.*» summarized the present applies! 

Table°5 8 r fl ° a ! T?° d °' analysis> These data ar e reproduced in 
Inh®’ 8 ' ^ P rinci Ple, at least, the precision in the higher ranges 

fr " H increaaed *>y means of added precautions to avoid 6 dilutioifor 
fractionation during purification and handling. 

It win be noted that the float method of analysis is not absolute but 
merely gives the difference in flotation temperatures of two Wr 
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Table 5.7 — Analyses of Samples Containing About 1 Per Cent Deuterium 




Density* 


Sample 

Aliquot 

Ay t 

Ay 2 

Remarks 

201-2 

A 

-20.2 

-20.4 

Standard used was 976 y denser than Columbia 


B 

-19.9 

-19.6 

University distilled water; experiments were 

203-4 

A 

+11.4 

+11.4 

done on 3-8-43, a clear, cold day; average 


B 

+12.0 

+11.4 

change on reevaporation was -0.1 ± 0.2 y 

205-6 

A 

+10.0 




B 

+9.8 

+9.7 


207-8 

A 

-19.2 

-19.1 



B 

-18.9 




226-7 

A 

-30.8 

-30.8 

Standard used was 976 y denser than Columbia 


B 

-29.8 

-30.8 

University distilled water; experiments were 

228-9 

A 

+2.5 

+2.6 

done on cool but damp days, 3-18-43 and 


B 

+2.5 


3-19-43; average change on reevaporation 

231-2 

A 

-5.8 

-6.4 

was -0.2 i 0.3 y (omitting 226-7B) 


B 

-5.4 



233-4 

A 

-52.1 




B 

-52.1 



234-5 

A 

-2.1 




B 

-1.6 




256-7 

A 

±0.0 


Used as reference water; A = 950 y above 


B 

±0.0 


Columbia University distilled water; 

258-9 

A 

-20.2 

-20.7 

experiments were done on a cool but damp 


B 

-20.6 

-20.6 

day, 3-30-43; change on reevaporation was 

260-1 

A 

+6.5 

+5.9 

-0.4 ± 0.2 y 


B 

+6.5 



270-1 

A 

+0.14 


Used as reference water; A = 950 y above 


B 

-0.14 


Columbia University distilled water; 

272-3 

A 

+4.02 

+4.22 

experiments were done on clear, cold days, 


B 

+4.28 


4-4-43 and 4-5-43 

274-5 

A 

-25.48 




B 

-25.55 



276-7 

A 

-0.86 




B 

-0.86 



278-9 

A 

-5.77 




B 

-5.74 



280-1 

A 

-20.22 




B 

-20.24 




•Ay, is the density of the water minus the density of the reference or standard 
water after the first evaporation; Ay 2 , after the second evaporation. 
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samples. To obtain an absolute value for the deuterium content two 
additional steps are necessary: (1) conversion of the difference in 
flotation temperatures to a difference in density and (2) determination 
of the density or deuterium content of the reference water. 

Throughout these determinations it is, of course, assumed that the 
O 18 content of the two waters being compared is identical. This can 


Table 5.8 Some Possible Applications of Float Analysis 


Deuterium 
concentration, 
mole % 


Purity of sample 


Precision, 

7 


Time per 
determina¬ 
tion, hr 


Determina 
tions per 
sample 


0.00 — 0.05 


0 . 1-1 


1-3 

Higher 

rangest 


Some organic contamination ±0.1 

(most inorganic salts 
allowable) 

Badly contaminated +0.3 

Routine analysis* + 0.7 

No organic or volatile +0.2 

inorganic contamination 
(except C0 2 ) 

Some organic contamination ±1-2 

and inorganic salts 

Some organic contamination ±2-6 

No organic or volatile ±2-10 

inorganic contamination 


2 

2 

1 

2 

2 

2 

2-4 


4 

4 

2 

2 

4 

4 

2-4 


*Similarly, in other deuterium 
but with a reduced precision. 

tThe float must be calibrated 
range. 


ranges, routine determinations may be made rapidly 
against a reference water In the desired deuterium 


be achieved by normalization with sulfur dioxide (Chap 4 Sec 6 3) 
or by the other methods mentioned previously in Sec. 2.2 ’ ' 

= 

involved in calculating the densitv diff P r ^ estlmated the errors 

perature difference foV Tater confab Z ° bServed tem ~ 

normal water as standard Thpi *• ® per Cent deut erium, using 

estimate was checS by m^* Table 5 ' 9 - 
about 1 per cent deuterium and r llutlon standards containing 

sities with those calculated from thTd^on^al^^du^" 6 ' 1 d6n ’ 
was about +1 or 2 y. These data a™ „ 1 • The dilutlon error 

....-«. .™, 8 . 
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rium. In the 1 per cent deuterium range, this corresponds to a rela¬ 
tive percentage uncertainty of only 0.1 per cent. This source of error 
can, moreover,be made even smaller by the use of a reference water 
having a deuterium content close to that of the unknown. In the range 


Table 5.9—Absolute Accuracy in the 1 Mole Per cent Deuterium 

Range (Estimated Errors) 


Source of error 

Magnitude, y 

Precision of measurement 

±0.2 

Change in density during evaporation 
and other purification steps 

+0.0-0.5 

Temperature uncertainty 

±0.3 

Expansion of quartz float 

±0.5 

Thermal expansion of 1 % D 2 Q sample 

±0.3 

Total —1.3 — 1.8 


*1 y = 0.000927 mole % deuterium. 


Table 5.10 — Absolute Accuracy in the 1 Per Cent 
Range; Comparison with Dilution Standards 


Density difference from 



normal water, y 

Difference 

Sample 

Float 

Dilution 

y 

285 

928.5 

924.4 

+4.1 

287 

859.4 

859.4 

0.0 

301 

356.9 

356.8 

+0.1 

302 

1,167.5 

1,167.6 

-0.1 


0.0 to 0.1 mole % deuterium,the uncertainties in calculation are very 
small, and the accuracy of the calculated density difference should be 
about the same as the precision of the temperature measurements. 

The difference in deuterium content of the unknown sample and the 
reference water may be calculated from the difference in density at 
25°C by means of the formula 


927.35 Ad 

Mole per cent D - 1 _ Q 0329 Ad 



where Ad = (density of sample) - (density of protium oxide) 

= d- dl 
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or by means of other formulas derived in Chap. 1, Sec. 3.4. Using 
the nomenclature 

P' = mole per cent deuterium in standard water 
P" = mole per cent deuterium in unknown water 
d 7 = density of standard water 
d" = density of unknown water 



927.35 


lr= 


d 77 -d l 


d 7 -d 


0.0329(d 77 -dj) 1 — 0.0329(d 


i 7 ^). 



Except for waters with very high deuterium contents, the denomi¬ 
nators in Eq. 3 are close to unity. Consequently, 


P" -P' = 927.35(d 77 -d')(l + 0.0329[(d 77 -d x )+(d 7 - d,)]} (4) 

In the 0 to 1 per cent deuterium range, this expression reduces with 
negligible error (approximately 0.03 y) to 


/ / _ 


P 7 = 927.35(d" -d 7 ) 


(5) 


Even for water containing as much as 10 per cent deuterium the 
error introduced by using this formula is only about 0.7 y (0.0007 mole 
% deuterium) when the reference water differs from the unknown 
water by about 1 per cent deuterium (approximately 1,000 y). 

The difference in deuterium content can be converted into an abso- 

init r * 016 deuterium content ° f the unknown water sample 

y f the content of the standard or reference water is known. This 

reference water may be either deuterium-free water, normal water 

St^dard mad°? lUed Wat6r ° r top water >- or a high-deuterium 
“nr 6 y ml " ng " 0rmal Wat6r a " d d6Uterium oxide P ro per 

Deuterium-free water is used as a reference only in very special 
work and need not concern us here. It will be discussed briefly in 
Chap 6. The deuterium content of normal water has been a subject 
of controversy for a number of years. However, Kirshenbaum, Graff 
and Forstat* determined the abundance of deuterium in a large num- 

den P h nH UnCerta M^ y ln the deuterlum content of a concentrated standard 
depends upon (1) uncertainty in the normal-water deuterium content 

(2) uncertainty in the deuterium content of the heavy water used in the 

dilution and (3) errors in preparation of the stJdTrT Thelmno^ 

fcnce of these sources of uncertainty may perhaps be best appreciated 
by examining two hypothetical examples. Ppreciated 
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1* Preparation of a Standard Containing 1 Per Cent Deuterium. 
Given: 180.160 ± 0.001 g of Columbia University distilled water and 
2.0027 ± 0.0002 g of heavy water with a specific gravity of 1.107696 
at 25°C. The deuterium content of the normal water (as given in 
Table 6.7) = 0.0147 ± 0.0002 mole %. The deuterium content of the 
heavy water (as calculated from the formulas in Chap. 1, Sec. 3.4) is 
99.95 ± 0.03* mole %. Therefore the deuterium content of the stand¬ 
ard = 1.0042 ± 0.0006 mole %. This maximum uncertainty of 0.0006 
mole % arises in the following manner: (1) an error of ±0.001 g in 
the weight of the normal water results in an uncertainty of +0.0000 
mole % D; (2) an error of ±0.0002 g in the weight of the heavy water 
results in an uncertainty of ±0.0001 mole % D; (3) an error of ±0.0002 
mole % in the deuterium content of the normal water results in an 
uncertainty of ±0.0002 mole % D; and (4) an error of ±0.03 mole % in 
the deuterium content of the heavy water results in an uncertainty of 
±0.0003 mole % D. This error of about 0.0006 mole % deuterium 
corresponds to an uncertainty in the density of 0.6 y. 

2. Preparation of a Standard Containing about 10 Per Cent Deute¬ 
rium. Given: 18.0160 ± 0.0002 g of Columbia University distilled 
water and 2.0027 ± 0.0002 g of heavy water with a specific gravity 
of 1.107696 at 25°C. The deuterium content of the normal water is 
0.0147 ± 0.0002 mole %. The deuterium content of the heavy water is 
99.95 ± 0.03 mole %. Therefore the deuterium content of the standard 
is 9.0997 ± 0.0038 mole %. This maximum uncertainty of 0.0038 mole 
% arises in the following manner: (1) an error of ±0.0002 g in the 
weight of the normal water results in an uncertainty of ±0.0001 mole 
% D; (2) an error of ±0.0002 g in weight of heavy water results in an 
uncertainty of ±0.0008 mole % D; (3) an error of ±0.0002 mole % in 
the deuterium content of the normal water results in an uncertainty of 
±0.0002 mole % D; and (4) an error of ±0.03 mole % in the deuterium 
content of the heavy water results in an uncertainty of ±0.0027 mole 
% D. This error of 0.0038 mole % deuterium corresponds to a 4 y 
uncertainty in density. 

Thus, combining these uncertainties with those listed in Table 5.8, 
the total uncertainty in the determination of the absolute value of the 
deuterium content of a sample containing approximately 1 per cent 
deuterium is about 0.001 to 0.0025 mole % deuterium (i.e., 1 to 2.5 y). 
This error is about the same whether normal water or a 1 per cent 
deuterium water is used for reference. For samples of higher deute¬ 
rium content, the errors are somewhat greater. 


*This error is due to the uncertainty of about 0.00003 in the specific gravity of deu 
terium oxide (Chap. 1, Sec. 3.1 e). 
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Some of the methods of analyzing water by means of the mass 
spectrometer (Chap. 4) are capable of giving results with a precision 
or accuracy comparable to that obtained with the float. Using both the 
equilibration and zinc-decomposition methods, Kirshenbaum et al. 24 
were able to report results with uncertainties of only ±0.0002 mole % 
deuterium, i.e., 0.2 y in terms of density (Chap. 6). It is therefore of 
interest to compare the results of the two methods as reported by 


Table 5.11—Comparison of Float and Equilibration Analyses 


Float analysis, mole % D 


Sample 

1st electrolyte 
2d electrolyte 
3d electrolyte 
4th electrolyte 

"Apparent mole 


Before normalization* 
with S0 2 

0.074 

0.228 

0.615 

1.48 


After normalization 
with S0 2 

0.071 

0.220 

0.599 

1.46 


% D because samples were enriched in O IB . 


Equilibration 
analysis, 
mole % D 

0.069 

0.219 

0.602 

1.48 


Table 5.12 


Comparison of Float and Mass-spectrometer Analyses 


Sample No, 

10 

27 

2A 

9A 


Float 

0.0105 ± 0.0003 
0.0112 + 0.0003 
0.0087 
0.0096 


Analysis, mole % © 
Mass -spectrometer 

0.0105 

0.0106 

0.0080 ± 0.00005 
0.0080 ± 0.00005 


Difference 

+ 0.0000 

+0.0006 

+0.0007 

+0.0016 


various ^oratories. Table 5.11 summarizes some of the data ob- 
tamed by McKown. These samples had been enriched in oxygen, and 
Uierefore they required normalization with sulfur dioxide before the 
deuterium content could be calculated from the float reading. McKown 
did not give the precision of his results. 

Huffman* 8 summarized a number of analyses of slightly enriched 
samples. Some of these data are given in Table 5.12. These results 
are not necessarily typical, but they merely indicate the accuracv of 

?e e s IdMVS f 42 r early 1943 ' The ---pect^rer^y 0 ! 

ses and the float analyses, in some cases, were done by different 

nronTTif S ; SUmably ’ the fl0at anal y ses were made on the water 

produced by burning an aliquot of the gas sample 
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An example of the use of the float for complete isotopic analysis is 
illustrated by the data in Table 5.13. These results were calculated 
from the data reported by Crist. 27 

(6) Errors . In addition to those already discussed, there are a 
number of other possible sources of error which must be considered 

Table 5.13 Complete Isotopic Analysis of Water Samples by Means of the Float 


Isotopic composition,! 
Density* mole % 


Sample 

Ay, 

Ay 2 



Deuterium 

0“ 

Columbia University 

0.00 

2.8 

0.00 

0.00 

0.0147* 

0.1981 

distilled water 


3.0§ 





(standard) 


2.6 





M-4 

58.1 







58.4§ 

27.9 

25.1 

32.9 

0.0380 

0.225 


57.6 






M-6 


27.4 



• 



57.1 

27.2§ 

24.5 

32.6 

0.0374 

0.225 

M-8 

57.8 

27.4 






57.6 

27.4§ 

24.6 

33.1 

0.0382 

0.226 


*Ay, = density of sample minus density of Columbia University distilled water 
Ay 2 = density of sample after normalization with sulfur dioxide minus density of 
Columbia University distilled water 
Ay D = part of Ay, due to excess deuterium, i.e., Ay D = Ay 2 - 2.8 
Ay 0 = part of Ay, due to excess O 18 , i.e., Ay 0 = Ay, - Ay 2 + 2.8 
tCalculated on the basis 1 y = 0.00092 mole % deuterium and 1 y = 0.00083 mole 
% 0 18 . 

tSee Chap. 6 for a discussion of these absolute values. 

§This analysis was made upon the same aliquot that was used to obtain a previous 
value but after repurification. 


when analyzing with the temperature float. One of the most serious 
of these is the change of the float density with time. Richards and 
coworkers 4 ’ 8 specified that a float should be made several months 
before it is used if permanency in calibration is desired. They found 
that the contraction in volume suffered by their glass floats in the 
first few hours of existence was very serious and that even after two 
weeks the floats still decreased rather considerably in volume from 
week to week. After two months, however, the change was sufficiently 
slow so as not to affect appreciably any ordinary use to which the 
floats might be put within a moderate interval of time. Typical data, 
as given by Richards and Harris 8 for two glass floats, are shown in 
Table 5.14. The total changes (corresponding to the 0.2 to 0.3°C in 
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the flotation temperature) were of the order of 0.005 per cent of the 
volume. This is just a little larger than the changes measured by the 
use of the zero point of a mercury thermometer after aging. 25 

In contrast to the findings of Richards et al. are those of Emeleus 
et al., 9 who reported that their quartz floats (75 mm long and 4 mm 
in diameter) showed no change whatsoever in density over a period of 


Table 5.14 — Change of Flotation Temperature Due to 
Contraction of Float Upon Aging 


Float 1 Float 2 


Age of float, 

Flotation 

Age of float, 

Flotation 

hr 

temp., °C 

hr 

temp., °C 

7 

20.410 

2 

19.884 

168 

20.304 

6 

19.852 

199 

20.293 

24 

19.807 

243 

20.280 

55 

19.786 

384 

20.262 

75 

19.770 

1,632 

20.1825 

174 

19.732 

1,687 

20.1825 

292 

19.690 

1,752 

20.1815 

816 

19.602 


about five months. The explanation for this apparent difference may 
lie in the fact that the floats of Emeleus et al.were drawn from 4-mm 
quartz tubing and were worked in the flame only at the ends. The 
Richards floats, on the other hand, were presumably well worked 
over their entire surface while being made. 

Dole 11 used a 14-ml pyrex float weighted with mercury. He aged 
his float by heating it at 110°C in an electric oven for 24 hr and then 
steamed it before use. No changes in the density of this float could 
be detected over a period of three months. Voskuyl 28 observed very 
small increases in the density of his float with time. Voskuyl, Davis, 
and Saxer 12 noted an additional effect; their quartz float seemed to 
become less dense with time. The data in Table 5.5, however, show 
that this phenomenon was probably due to corrosion of the quartz 
float by the acid cleaning mixture [Sec. 2.3b(2)]. It is because of 
these changes in the density of the float with time that more or less 
frequent re calibrations of the float are necessary. The frequency of 
recalibration depends, of course, upon the accuracy or precision 
desired and upon the rate of the change in density of the float. 

Another serious source of error is the effect of changing pressure. 
A change in atmospheric pressure has a twofold effect on the ob¬ 
served flotation temperature. Thus an increased pressure (1) de- 
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creases the volume of the float and thus causes it to indicate too low 
a density and (2) decreases the volume of the liquid itself and thus 
causes the float to indicate too high a density. The effect of changing 
pressure upon the density of water is well known and can be calcu¬ 
lated in advance. It presumably depends only upon the coefficient of 
compressibility of the liquid. The effect of pressure upon the glass 


Table 5.15 — Effect of Pressure on the 
Flotation Temperature 


Float 

Float material 

Correction, 
°C/mm Hg 

I 

German soft glass 

-0.00041 

J 

Jena reagent glass 

+0.00006 

M 

Jena reagent glass 

0.00000 

K 

Durorobax glass 

+0.00002 


float itself cannot, unfortunately, be predicted in advance, since it 
depends upon the quality and thickness of the glass or quartz as well 
as upon the shape of the float. It is necessary,therefore,to determine 
experimentally the net result of the two effects for a given float. 
Typical data 6 on the magnitude of this correction are shown in Table 
5.15. A negative correction indicates that the float was less com¬ 
pressible than the water, whereas a positive correction means that 
the float was more compressible than the water. The data in the 
table show that, except in the case of the large, thick-walled float of 
German soft glass (I), the net correction was almost nothing; the two 
effects counterbalanced one another. It would seem, therefore, that 
the average compressibility of a thin-walled float of 7 ml volume can 
be made very nearly equal to that of water. Emeleus et al. 9 also found 
that the compressibility of their quartz float was the same as that of 
water over a pressure variation of about 0.5 atm. The large thin 
float used by Lamb and Lee 7 was, however, much more compressible 
than water. The correction for this float was 0.00157 C/mm Hg. 

It is thus obvious that the effect of pressure must not be overlooked 
when working with the float. A somewhat compressible float is per¬ 
haps to be preferred to a highly incompressible one, since the net 
correction is smaller. More important, however, is that even the dif¬ 
ference in pressure between the top and bottom of the water in the 
float chamber may have a serious effect upon the equilibrium tem¬ 
perature of a very thick float. The flotation temperature of a float 
similar to I (Table 5.15) was altered 0.003°C in a 20-cm depth of 
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water. Thus, when equilibrium was established with the float in the 
middle of the float chamber, the observed flotation temperature was 
0.0015°C greater than that which would be required for equilibrium 
with the float at the top of the chamber and 0.0015°C less than that 
required for equilibrium with the float near the bottom of the cham¬ 
ber. This float would therefore tend to remain suspended in the mid¬ 
dle and to be rather insensitive to changes of temperature. A thin- 
walled float with a compressibility approaching that of water is 
consequently much more sensitive to temperature changes than an 
incompressible float. 

When a Beckmann or any other glass thermometer is used to ob¬ 
serve temperatures, a third pressure effect enters for which cor¬ 
rections must be made. An increase in external pressure alters the 
volume of the thermometer bulb, causing an apparent rise in tem¬ 
perature and therefore indicating too high a density. The decrease in 
volume of the thermometer bulb is directly proportional to the diam¬ 
eter and inversely proportional to the wall thickness. Experience 
with a large number of thermometers of different makes has shown 
that the pressure coefficient of a thermometer having a bulb diam¬ 
eter between 5 and 7 mm is of the order of 0.00013°C/mm Hg. 25 This 
is in substantial agreement with the observations of Richards and 
Harris, 6 who found a pressure effect for their Beckmann thermom¬ 
eters of about 0.00022 to 0.00029°C/mm Hg. Lamb and Lee, 7 on the 
other hand, reported that the change (caused by pressure) in their 
Beckmann-thermometer reading decreased with increased pressure. 
Their extrapolated coefficient at zero pressure was larger than the 
above quoted values. There is also an internal pressure effect that 
under certain conditions may not be negligible. This correction, how¬ 
ever, need not be considered if the thermometer is always used in the 
same position as calibrated. 


In using a glass thermometer, the constancy of the temperature 
of the room is also important. This may be seen from the data in 
Table 5.16, taken from the report by Voskuyl et al. 12 As was previ¬ 
ously recommended, the room temperature should be controlled to 
within ±1°C for accurate work. When using the float with a water 
sample that is saturated with air, the room temperature must be 
controlled for another reason, namely, the change in solubility of air 
in the water with a change in,temperature. A change in the air con¬ 
tent of the water will also change the observed density (Table 5.3). 

(7) Microfloat. The size of the sample submitted for analysis is 
an important factor in determining the ease and precision of the 
analysis. The discussion so far has referred to relatively large 
samples. Voskuyl et al., for example, used samples varying from 
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12 to 40 g in weight. Smaller samples, however, can be analyzed by 
the use of a microfloat. Such a float has been described by Briscoe 
and coworkers. 10 Their quartz microfloat was about 40 mm long and 
1 mm in diameter. These floats were used in flotation chambers 
about 5 mm in inside diameter and about 25 cm long. These chambers 


Table 5.16 — Effect of Changing Room Temperature on the Flotation 
Temperature as Recorded by a Beckmann Thermometer 


Room temperature Date 


1-26-43 


Increasing during day 


1-30-43 


Controlled 


2-4-43 

2-6-43 


Expt. No. 

Beckmann reading 


20 

3.516 


21 

3.522 


22 

3.523 


23 

3.530 


34 

3.525 


35 

3.527 


38 

3.529 


41 

3.530 


70 

3.521 


73 

3.523 


.76 

3.523 


84 

3.524 


87 

3.522 


90 

3.523 


contained a column of water about 7 to 10 cm long, representing 1.5 
to 2 ml. For small differences of temperature, the relation between 
velocity and temperature for these microfloats was not materially 
different from that observed with the larger floats. 

These small floats were found to be quite incompressible, with the 
flotation temperature being a function of pressure. This function 
appeared to be linear and about 0.00019°C/mm Hg. Since the flotation 
temperature was a function of pressure, the velocity of the float at a 
nonequilibrium temperature was likewise a function of pressure. 
This did not introduce any serious complications, because the same 
thing is true of microfloats which do not have the same compressi¬ 
bility as water. 

In using the microfloat, extreme care must be taken to avoid me¬ 
chanical damage. During a series of measurements, for example, the 
float was accidentally shaken in its chamber. The flotation tempera¬ 
ture was then found to have been changed by 0.145°C. Subsequent 
examination of the float under a microscope showed that a tiny flake 

of quartz had been chipped off the tip. 

(8) Analysis of Heavy Water . Voskuyl 51 investigated the applica¬ 
bility of the float to the analysis of heavy water containing small 
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concentrations of protium. Water samples carefully analyzed by 
means of the pycnometer or the equilibration method can serve as 
primary standards for calibrating the float. In the experiments per¬ 
formed by Voskuyl, the water was purified by distillation in vacuum 
for measurement with the pycnometer. The pycnometer was then 
emptied into the float chamber, and the quartz float was added. All 
transfers of float and water were made in a dry box. 

A well-conditioned float is necessary for this work. It is therefore 
advisable to keep the float in heavy water until it is ready for use and 
then to dry the float of surface moisture by evaporation in vacuum 
before transferring it to the float chamber. When an incompletely 
conditioned float is first introduced to heavy water, the float appar¬ 
ently reacts with the medium to such an extent that a decided shift in 
the flotation temperature may be observed with time. For example, a 
water sample was found to decrease in density by 28 y during the 
first 24 hr after addition of the float. Since this change was relative 
to the density of the float, it may be that the float increased in density 
by 28 y during that time. The change was 46 y at the end of 48 hr and 
57 y at the end of 66 hr. 

In a set of preliminary experiments, Voskuyl compared the den¬ 
sities of various heavy-water samples with the densities of standards, 
using the float and a 7-ml pycnometer. The agreement between the 
two analytical methods was good, as evidenced by the following data: 


Sample 

Difference, y 
(float-pycnometer) 

A-5 

-3 

A-ll 

-12 

A-12 

-10 

A-14 

-5 

A-13 

+63 


These deviations should be compared with the precision of ±20 y 
estimated by Voskuyl for the 7-ml pycnometer used. 

These experiments indicate that the temperature float can be used 
for routine analysis of waters with very high deuterium concentra¬ 
tions. Using suitable standards, differences in density should be 
determined quite readily to several parts per miUion (y). For highly 
accurate work, however, it might be advisable to redetermine, with 

greater accuracy, the thermal-expansion data of deuterium oxide in 
the temperature range of interest. 

< c ) Continuous -reading Temperature Float . (1) Introduction. De¬ 
terminations with the temperature float require considerable time 
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and very careful work. Therefore the major application of the method 
is to special samples which require analyses with high precision. 
The float may, however, also be used in a continuous-deuterium - 
analysis system. Such an apparatus is described by Dole, Burwell 
Voskuyl, and Roake. 14 

The problem presented to Dole et al. was the development of an 
apparatus for the continuous determination of deuterium in small 
concentrations. At a conference with H. C. Urey, R. H. Crist, and 
D. Rittenberg, the conclusion was reached that the only then-feasible 
method of deuterium analysis in the range of deuterium concentration 
smaller than normal was the submerged-float method. The problem 
therefore became one of starting with hydrogen and air, continuously 
combining them, purifying the water formed, and then continuously 
measuring the density of the water. The system finally devised was 
used at the Trail laboratories 29 ’ 30 in British Columbia. The appa¬ 
ratus as originally designed by Dole and coworkers was subsequently 
modified, but, for completeness of the record, the original apparatus 
will be described first and the various modifications will be given 
later. In the original apparatus, purified water is passed slowly up¬ 
ward through a float chamber at a rate of 0.2 to 0.5 ml/min. In the 
water is a totally submerged float weighted with a piece of iron. The 
temperature of the system is so adjusted that the rate of fall of the 
float is just balanced by the upward motion of the water, causing the 
float to remain stationary with respect to an outside reference point. 
The iron in the float makes possible the centering of the float by 
means of a magnet outside the float chamber. The position of the float 
is observed periodically, and the change in density is determined from 
the observed rate of change of position. The error of observation in 
the original apparatus by unskilled workers is ±1 y. The change in 
the deuterium content of the hydrogen gas is calculated directly from 
these observed changes in the density of the water, since the air 
oxygen, which is used to burn the hydrogen, has a constant isotopic 
composition. In this apparatus, a real change in density is observed 
about 2 hr after a change has occurred in the hydrogen gas; conse¬ 
quently, readings are necessary only about once an hour. 

(2) Hydrogen Burner and Water-flow System .* In order to deter¬ 
mine the deuterium content of hydrogen gas issuing from the top of 
the catalyst chamber in a hydrogen-water exchange unit, it is neces¬ 
sary first to dry the hydrogen gas and then to convert it to water by 


*This development work was done by R. L. Burwell, Jr. Density measurements 
were made by W. E. Roake. 
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burning in air. Air oxygen is used in this combustion because it is of 
constant isotopic composition. The burner is shown in Fig. 5.5. 


r*—8 MM 


NICKEL WIRE 
WELDED TO TUNGSTEN 


h*— 30 MM 



TUNGSTEN LEAD 


PLATINUM TIP 

LENGTH 25 MM 

BORE 2.4 MM 

WEIGHT 5 G 

THICKNESS 24 BANOS GAUGE 

OOUBLE THICKNESS FOR 
9.5 MM OF TOP 


DRY AIR 


HYDROGEN 


Fig. 5.5 Enlarged view of burner. 


The combustion takes place at the tip of the fairly strong platinum 
tube which is securely held in the pyrex tube through which the hy¬ 
drogen gas enters. Air is admitted into the burner around the outside 
of the hydrogen tube. The flame is started by touching a leak tester 
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to the tungsten wire sealed into the pyrex combustion chamber. The 
nickel end of the tungsten wire is about 1 cm from the tip of the 
burner. This has proved to be convenient since the glow of the nickel 
wire in the flame indicates that the hydrogen is burning. The hydrogen 
flame by itself is transparent. 

As a precaution against explosion, the combustion chamber is al¬ 
ways filled with air before the flame is lighted. Hydrogen should not 
be allowed to flow into the chamber until the leak tester is in place 
and is producing sparks. Other safety precautions are also taken. A 
glass bulb filled with ground glass is sealed into the hydrogen line 
between the combustion chamber and the source of hydrogen. This 
serves to prevent a flame or explosion from traveling back through 
the line/ In order to protect the operator, a metal shield covers that 
part of the pyrex combustion chamber which is next to him. 

The hydrogen is purified before entering the combustion chamber 
by passage through soda lime and calcium chloride towers. The air 
used in the burner (and in the evaporator, as discussed below) is 
purified by passage over copper oxide at 450°C and then through soda 
lime and calcium chloride. The combustion of hydrogen in air, how¬ 
ever, leads to the formation of oxides of nitrogen which appear as 
nitric acid in the condensed water. The concentration of such acid in 
the water condensed above the burner is, under the conditions of 
operation, about 2 x 10" 4 M. To remove the nitric acid, the water con¬ 
densed from the burner gases is slowly passed through a tube con¬ 
taining pellets of calcium hydroxide. The water then flows down the 
steam-jacketed tube of the evaporator [see Fig. 5.2 and Sec. 2.3b(3)] 
countercurrent to a stream of purified air. A rate of air passage 
one-seventh that in the burner appears to be optimal. The water is 
completely evaporated and then recondensed from the hot gases. This 
condensate is substantially pure but occasionally its specific conduct¬ 
ance rises for 1 hr or so and then falls again to a satisfactory value. 
For this reason, another evaporator unit has been placed in series 
with the first. As can be seen from the data in Table 5.17, the water 
obtained from the hydrogen burner is purified as well in the evapo¬ 
rator as by the usual distillation procedures [Sec. 2.3b(3) of this 
chapter and Sec. 5.2c of Chap. 4]. 

The maximum rate at which water should be run into the evapo¬ 
rators is determined by the rate at which the air stream can evapo¬ 
rate it. If a rate faster than this is used, water will drip from an 
open capillary located at the bottom tip of condenser E (Fig. 5.2). It 
is possible that, as the evaporation continues, impurities may collect 


*See also the apparatus used by Kirshenbaum et al. 24 (Fig. 6.1). 
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in the evaporator and thus cause a decrease in the purity of the con¬ 
densed water. This difficulty can easily be overcome by stopping the 
air flow for 1 or 2 min. This permits 1 or 2 ml of water to drip out 
of the bottom of the evaporator, thus flushing out the impurities. 
Deposits of calcium hydroxide and nitrate accumulate in the first 
evaporator. These deposits are removed periodically by flushing 
with dilute nitric acid and then with water. It should not be necessary 
to clean the first evaporator more than once a week. The second 



Table 5.17 

— Comparison of Purification Procedures 




Purification in evaporator 




Specific 

Ay* 

Ay* after 

Hydrogen 


conductance 

of water 

purification by 

tank 

Expt. No. 

of water 

(after outgassing) 

distillation 

1 

2 

1.8 x 10" # 

+0.96 

+1.4 


3 

1.3 x 10" 9 

+1.3 

+1.4 

2 

4 

2.4 x 10" 9 

+0.54 

-0.1 


5 

0.74 x 10' 9 

+0.16 

-0.1 


6 

1.1 x 10“ 9 

-0.09 

-0.1 


= density of sample minus that of standard water. 


needs cleaning very seldom, if at all. The evaporators should be 
steamed out before use, or after cleaning, for at least 1 hr, or they 

may perhaps be allowed to operate for some time before the water is 
collected for analysis. 

The purity of the water flowing out of the float chamber should be 
checked from time to time by means of conductance measurements. 
The data in Sec.2.3b(3) indicate the order of magnitude of the specific 
conductance of water sufficiently pure for analysis.* 

(3) Float, t As was previously noted, the deuterium content of the 
water continuously formed and purified as discussed in the previous 
section may be determined by causing the water to flow through a 
narrow chamber in which a totally submerged float is suspended. 
The deuterium content of the water is calculated from the observed 
velocity of rise or fall of the float. There were, however, a number 
of problems involved in this method which had to be solved before the 


*Voskuyl« found that a slight impurity, which changed the specific conductivity of a 

TZ d?nT £“ 12 X l °~ # t0 2 * 2 X 10 ' # > to ^ve an error of 0 7 y 

* 0rganlC matter t0 WhiCh 0,6 conductlvlt y cell is not sensitive 
aiso affects the balancing temperature of the float. 

tThis experimental work was done by R. J. Voskuyl. 
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desired analytical accuracy could be obtained. For proper evaluation 
of data, it is necessary to know the rate at which the velocity of the 
float changes with change of (1) temperature, (2) barometric pressure 
or head of water, (3) velocity of flow of water through chamber, 



Fig. 5.6 Effect of temperature on a quartz float used at Trail. Slope = 0.00091°C 
per 1 mm/m in. 


(4) horizontal or vertical position of the float in chamber, and (5) size 
and shape of float. It is also necessary to investigate the rapidity 
with which the velocity of the float changes when the density of the 
water entering the float chamber is altered. Information as to the 
length of time during which the submerged float will remain in the 
center of the float chamber without drifting to the side of the chamber 
is also important. 

At least over the small temperature range involved in this work, 
the float velocity may be considered a linear function of the tempera¬ 
ture. This may be seen from the data plotted in Fig. 5.6. The larger 
the float, the greater is its change of velocity with temperature. If 
the float is made of quartz, no correction need be made in this work 
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for the change with temperature in the density of the float itself. If, 
however, the float is made of pyrex (whose volume coefficient of 
expansion is 9.6 x 10“ 6 ), a correction of about 5 per cent must be 
applied during the necessary calculations. The floats used in this 
development work and at Trail were all made of quartz. Some of the 
data obtained by Voskuyl in the course of this development work are 
summarized in Table 5.18. 


Table 5.18 — Effect of Temperature on Velocity of Float 


Float 

Length, Width, 

Volume, 

Pressure 

sensitivity. 

Temp, coefficient, mm/min per 

Y per 
mm/min 

mm 

mm 

cc 

mm/min/0.001®C cm H 2 0 

change 

Quartz weighted 

62 

6 

1.5 

0.32 0.12 

0.79 

with mercury 
Quartz weighted 
with iron 


5 


0.22 

1.15 

The temperature of 

the 

float chamber is controlled by immersing 


it in a water bath suspended in a larger constant-temperature bath. 
The temperature regulation was found to be within the precision of 
analyses when the room temperature is held within ±1°C of any con¬ 
venient value, e.g., 25°C. The bath is at 24°C. A Beckmann ther¬ 
mometer is used for recording the temperature of the inner bath. A 
resistance thermometer could, of course, also be used with advantage. 

The simplest way of determining the relation between velocity and 
pressure is perhaps to measure the velocity of the float as a function 
of its height in the float chamber. The pressure coefficient for the 
mercury-weighted float as given in Table 5.18 was calculated from 
the data plotted in Fig. 5.7. Thus a change in pressure of 10 cm of 
water will alter the density measurement by about 1 y. If, therefore, 
the float is always observed in the same vertical position in the float 
chamber and if the barometric pressure does not change to the extent 
of about 1 cm Hg, pressure variations may be neglected for very 
routine work. For work accurate to ±1 y or less, the various pressure 
effects should be taken into consideration. 

For long-continued use of the apparatus as a continuous analytical 
device, it is essential that the flow of water through the float chamber 
does not cause any drifting of the float to the side of the chamber 
where the float may stick to the glass or have its velocity of fall 
changed. This change in velocity is due to the fact that, for stream - 
line flow the rate of flow is greatest in the center of the chamber 
nd least near the walls. Unfortunately, the water flow lines through 
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the chamber are not sufficiently perfect to keep the float exactly 
centered. In the course of several hours, the float slowly moves off 
center; this rate of drift is less, the more nearly parallel the cham¬ 
ber walls are made to the long axis of the float. As is to be expected, 
the float tends to fall more rapidly as it approaches the wall. This, 



Fig. 5.7—Effect of pressure at constant temperature. Slope = (4.8 -3.6)/10 = 0.12 
mm/min/cm. 


of course, introduces an error, the magnitude of which depends upon 
the total rate of flow of the water. This effect may be seen from the 
data given graphically in Fig. 5.8. These data were obtained using 
a quartz float similar to the mercury-weighted float described in 
Table 5.18. In Fig. 5.8 is plotted the change in velocity in terms of 
the calculated density difference (Ay) to which this change of velocity 
would correspond (along the ordinate) versus the distance between 
the center of the float and the center of the chamber (as the abscissa). 
At the highest flow rate used, the error is as large as 2 y. These 
data prove that, for accurate measurements under conditions of flow 
through the chamber,the float must be well centered. This precaution 
is naturally not necessary if the flow is stopped before the velocity of 
the float is noted. 

It is necessary to recenter a float after it has drifted appreciably 
toward the side walls of the float chamber. This can easily be ac¬ 
complished by weighting the float with a piece of soft iron and center¬ 
ing the float by means of a magnet. Although, on the original appa- 
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ratus designed by Dole et al., 14 this centering of the float was done 
by manual manipulation of a small but powerful permanent magnet, 
in principle, at least, the centering could be done much more con- 






(c) 


f 1 . 8 ’ 5 * 8 °f P° slti on of float in chamber. Quartz float in 18-mm chamber 

(a) Flow = 0.41 ml/min. (b) Flow = 0.48 ml/min. (c) Flow = 0.765 ml/min. 


^nienUy by permanently installed electromagnets which could b 
switched on or off at will. 

The curve in Fig. 5.9 shows that a linear relation probably exist* 
between the velocity of fall of the float and the rate of flow of watei 
moving upward in the chamber. In this figure the rate of fall of: 
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particular float is plotted in terms of the calculated density differ¬ 
ence to which the rate of fall would correspond at zero water flow 
all other conditions being constant. As was noted in the preceding 
paragraph, the rate of flow of water is also an important factor in the 



Fig. 5.9—Effect of water velocity on float velocity. Mercury quartz float in 18-mm 
chamber. 


problem of drift of the float to the walls of the float chamber. It was 
found that the lower the rate of flow of the water, the slower the side- 
wise drift. The apparatus cannot, however, be operated at a flow of 
water that is too low, because then the change in density of the water 
in the chamber will lag too far behind the actual changes in the deute¬ 
rium composition of the hydrogen gas. It is necessary, therefore, to 
compromise and use a rate of water flow which, while sufficiently 
large to give a fairly rapid response of the apparatus to isotopic 
changes in the hydrogen gas, still does not cause too great a drift 
of the float toward the walls of the chamber. The particular rate 
of water flow to be used in a given apparatus should be determined 

experimentally. 

The size and shape of the float are also important factors. The 
larger the volume of the float, the more sensitive it is to changes in 
the density of the water. However, the volume of the float cannot be 
made too large, because the float then becomes very sensitive and 
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responds too readily to the slight density changes arising from small 
temperature fluctuations. The optimum size for floats to be used 
with the continuous-reading apparatus was found by Voskuyl 14 to be 
1 to 2 ml. 

The shape of the float is important for a number of reasons. It 
must obviously be small enough in cross-sectional area to fit into 
the float chamber without coming too close to the sides. The float 
should, moreover, have a symmetrical, streamline shape and should 
be weighted in such a way that, when totally submerged, its long axis 
is vertical. The float should be symmetrical in order to minimize, 
under given conditions of water flow, any tendency for it to drift to 
either side. Voskuyl 14 found that a long, thin float with symmetrical 
ends behaved best as far as drift is concerned. He did not have suf¬ 
ficient data to prove whether a perfectly symmetrical float would 
show any sidewise drift. It will also be recalled that Emeleus et al. 9 
found that a slim, cylindrical float is preferable to a fishlike form 
because the former responds more rapidly and certainly to small 
changes in the density of the water. 

In order to minimize the time lag between a change in the deute¬ 
rium content of the hydrogen gas and the corresponding change in the 
density of the water in the float'chamber, the chamber should be as 


small as possible. There are, however, restrictions as to how this 
minimizing of volume should be accomplished. If the inside diameter 
of the float chamber is only 1 or 2 mm greater than the external 
diameter of the float, it is extremely difficult to, prevent the float 
from touching the walls of the chamber while density measurements 
are being made. On the other hand, a chamber that is too wide pre¬ 
sents the difficulty that the streaming of the water up the center of 
the tube leaves water along the sides which is flushed out slowly. A 
fairly short tube with a width about three times the float diameter 
was found to be the optimum shape. 


Several experiments have been carried out to test the uniformity of 
flow through such a chamber. In these tests, fluorescein and potas¬ 
sium permanganate were used as coloring agents. Tube lengths of 8 
10, and 30 cm were tried, and it was concluded that the length of the 
tube has no apparent effect on the shape of the flow lines. The heavy 
permanganate solution flowed evenly up the chamber; but when pure 

W ^ te « fl i owed into e ch amber containing the permanganate solution, 
a definite streaming effect was observed, which did not stay in the 
center but spiralled from side to side and changed position at a flow 
rate of 0.4 ml/min in a tube of 13 mm inside diameter. The experi¬ 
ments with fluorescein indicated a flow which was more rapid on one 
side of the tube than on the other. 
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Fig. 5.10—Continuous-reading float apparatus. 
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(4) Method of Measurement and Calculation of Results . A complete 
apparatus is shown schematically in Fig. 5.10. In starting the appa¬ 
ratus, the copper furnace is turned on, and when it is hot the air 
is passed through the burner with stopcocks 8 and 9 closed. The 
hydrogen flow is then started but with stopcock 3 so turned that the 
hydrogen passes out through b. After the system is flushed (up to 
stopcock 3) with hydrogen, the Tesla coil at T is turned on to give a 
continuous spark across the gap between the wire and burner tip, and 
stopcock 3 is quickly opened to position a. The Tesla coil is kept 
sparking until the hydrogen is burning. It is extremely important that 
the burner be filled with air and the Tesla coil be sparking continu¬ 
ously before the hydrogen is admitted to the burner. Failure to follow 
this procedure may result in a violent explosion. 

After the combustion is started, stopcock 4 is opened, and water is 
allowed to rise simultaneously in both legs of the u tube and in the 
lime tube.* This prevents air from being trapped in the tubing. En¬ 
trapped air may stop the flow of water and cause the cool water to 
overflow from collector C i onto the hot burner. When the lime tube 
is full, stopcock 4 is closed, and stopcock 5 is opened to permit flow 
between evaporators 1 and 2. Water should flow freely from this 
point to point D. Then, by proper manipulation of stopcocks 6 and 7, 
the conductivity cell, the float chamber, all the connecting tubing, the 
flow control, and the cooler condenser up to point D are filled with 
water. Here,too, care must be taken to avoid entrapment of air which 
may interfere with free flow of the water. The water levels are so 
adjusted that the cooler is always filled to point D; thus the condensed 
water is cooled in the absence of air. 

The production of water in the hydrogen burner should be suf¬ 
ficiently rapid to keep the water level up to the overflow tube. If 
water is continuously flowing out of this tube, the pressure head in 
the system is held at a constant value, and therefore, barring tem¬ 
perature changes, a constant water-flow rate is maintained through 
the float chamber. This water-flow rate is determined by the net 
pressure head and by the resistance to flow in the capillary-flow 
control tube. The flow rate is measured by collecting the water which 
overflows from the float chamber in a graduated cylinder and noting 
its volume from time to time. When the flow is properly adjusted and 


r Um * Pell6tS ar ® C ^ 8umed slowl y> and new pellets are added to the tube as 
equired They are made by preparing a thick paste of dehydrated lime and water and 

s S' *• “• “ -*»■ “4“ 
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the thermostat is operating at the proper temperature, the apparatus 
is ready for measurements. 

There are several methods of measuring the float velocity. In one, 
the thermostat is held at a temperature such that, with no water flow, 
the float falls at a rate of 1 to 4 mm/min. With a water flow in the 
float chamber of 5 mm/hr, the float rises at a rate of 1 to 4 mm/hr 
and is eventually held in a vertical position at the top of the chamber. 
When a reading is to be taken, stopcock 6 (Fig. 5.10) is turned to the 
“off” position, and the water purity is determined by means of the 
conductivity cell. Meanwhile, the float has dropped away from the 
neck into the float chamber proper. The rate of fall of the float is 
measured by means of a cathetometer and a stop watch until the rate 
is obtained. This rate is measured by setting the cross hairs of the 
cathetometer on either the top or bottom tip of the float and at the 
same instant starting the stop watch. After about 2 min, the cross 
hairs of the cathetometer are again set on the float as before, and the 
watch is stopped. The change in cathetometer reading divided by the 
time gives the float velocity. While this is being done, the tempera¬ 
ture of the inner bath is noted. The Beckmann thermometer should 
be tapped lightly before a reading is taken. This whole operation 
should not take more than about 8 min. Stopcock 6 is then turned to 
the “on” position, and the float again starts to rise. The calculation 
of the deuterium content of the water from the float velocity is dis¬ 
cussed later in this section. 

A simpler method of determining the float velocity, which can be 
carried out by a less skilled worker, is that suggested by Dole et al. 14 
In this method, the flow rates and temperatures are so adjusted that 
the float moves very slowly. The position of the float is noted once 
every hour. The temperature of the inner bath is recorded at the 
same time. The change in the vertical position of the float during 
the hour divided by 60 gives the float velocity. Knowing the water 
velocity, the float velocity in stationary water can be calculated. 
After each reading, the float should be centered if it has drifted 
toward the walls of the chamber. The new position of the float is then 
recorded before being left for the next 1-hr period. In many cases, 
this method of measurement is not as precise or as accurate as the 
preceding one. It is necessary, when using this method, occasionally 
to determine the float velocity in stationary water as described above 
by closing stopcock 6. This is required in order to determine the 
extent to which the water flow changes the float velocity. Typical 
data using this method are shown in Table 5.19. These data were 
recorded by Dole and others at Trail on Aug. 30, 1942. This table 
also includes data obtained by a third method of reading. This method 
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is really a compromise between the two previous methods discussed. 
The water flow is not stopped during readings, but the float velocity 
is obtained by determining the float position at various short time 
intervals (approximately 2 min). For this method, too, it is neces¬ 
sary occasionally to take readings with zero water flow in order to 


Table 5.19 — Typical Data for the Continuous-reading Float 


Room 

temp., 


Observer 

Time 

°C 

Hydrogen- 

6:15 A.M. 

30.0 

plant 

7:20 A.M. 

29.0 

operators 

8:15 A.M. 

29.5 

Dole 

8:30 A.M.t 



9:00 A.M. 

26.5 


9:07 A.M. 

28 


9:17 A.M. 

26 


9:20 A.M. 

28 


Inner-bath 

Time inter¬ 

temp., °C 

val of 

(Beckmann 

observation. 

thermometer) 

min 

0.531 

0.534 

65 

0.540 

55 

0.538 

2 

0.537 

2 

0.537 

2 

0.537 

2 


Cathetometer 
readings, mm 

Float 

velocity,* 

Water - 
flow 

1st 

2d 

mm/min 

V 

rate 

335.6 



t 

291.0 


-0.69 

t 

293.2 


0.04 

t 

325.7 

324.6 

-0.55 

t 

337.5 

338.0 

0.25 

t 

339.6 

340.0 

0.20 

t 

339.4 

335.0 

-2.2 

0 


*A minus sign (-) indicates that the float was falling. 

tA number of measurements similar to the last one in this table have shown that, for the particular 
water-flow rate used, stopping the water flow caused the float to drop faster by 2.2 mm/min. 
iWater has a specific conductance of 1.1 x 10'®. 


check the effect of the water-flow rate on the float velocity. The float 
used in this work is the iron-weighted quartz float listed in Table 5.18 
as having a temperature coefficient of 0.22 mm/min/0.001°C. This 
temperature coefficient must, of course, be found for a given float 
before any calculation can be made. The calibration is most easily 
made by using a standard water (preferably with a deuterium content 
similar to that of the unknown waters) in the apparatus and recording 
the inner-bath temperatures corresponding to several different falling 
rates. At zero water rate, these points are then plotted and connected 
by a straight line. Such a calibration curve is shown in Fig. 5.6. This 
calibration should be made about once a month, or more often if nec¬ 
essary, and usually requires about 8 hr for accurate work. It is nor¬ 
mally not necessary to recalibrate the float more often than once a 
month. It is, however, advisable to check the zero-point temperature 
of the float (Fig. 5.6) more frequently since, as has been seen, the 
falling time of a float in a standard water may change with time. The 
deuterium content of the samples being analyzed may be calculated 
using the relation obtained from the data in Table 5.19, 


R = r - 2.3 


(6) 
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where R = float velocity with zero water flow in millimeters per 

minute 

r = float velocity with given water-flow rate in millimeters 
per minute 

together with the formula 

R 

Tf = T + (0.22)(1000) ~ P < 7 > 

where T F = temperature of zero velocity of float 

T = temperature of inner bath at time of observation 
P = pressure correction (discussed below) 

The 0.22 used in Eq. 7 is the temperature coefficient of the float 
used. The pressure correction (P) is made up of two factors. One is 
the correction for a change in hydrostatic pressure and the other for 
a change in barometric pressure. The need for this correction was 
shown earlier (see, for example, Fig. 5.7). From a curve similar 
to that shown in Fig. 5.7, it was found that the float used to obtain 
the data in Table 5.19 had a pressure coefficient corresponding to 
0.00002°C per millimeter of water height, referred to a standard 
reference height of 350 mm. Thus 

P = [(350 - h) + (B 0 - B)(13.6)](0.00002) (8) 

where h = height of measurement in millimeters 

B 0 = standard barometer reading in millimeters of mercury 
B = barometer reading,in millimeters of mercury,at the time 
of experiment 

The density of the samples being analyzed minus that of the standard 
is then calculated in terms of y using the equation 

Ay = (T F -T s )f (9) 

where T s = temperature of zero velocity of the float in standard water 
T f = temperature of zero velocity of the float in the unknown 
water 

f = conversion factor converting the temperature difference 
to a density difference 

Results of the calculations for the density from the data of Table 5.19 
are given in Table 5.20. For this float, the factor f was 240; i.e., 
within experimental error it was sufficiently accurate to take f equal 
to the change in y in the density of the water per degree centigrade 
at 24°C. The standard equilibrium temperature (T s ) for the iron- 
weighted quartz float was 0.513°C. No barometric correction was 
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necessary. It should be noted that in these formulas a downward 
velocity of the float (i.e., a falling float) is given a negative sign (-). 
In many cases, these calculations can be made with sufficient ac¬ 
curacy by properly graphing the various equations used in these 
calculations. 


Table 5.20 — Analytical Results as Calculated from the Data in Table 5.19* 


Velocity of float, 
mm/min 




Calculated 
for zero 


Temperature, 

°c 


Time 

Observed 

water flow 

h, mm 

T 

AT 

T f 

Ay 

7:20 A.M. 

-0.69 

-2.99 

291 

0.534 

-0.015 

0.519 

+1.4 

8:15 A.M. 

0.04 

-2.26 

293 

0.540 

-0.011 

0.529 

+3.8 

9:00 A.M. 

-0.55 

-2.85 

326 

0.538 

-0.013 

0.525 

+2.9 

9:07 A.M. 

0.25 

-2.05 

338 

0.537 

-0.010 

0.527 

+3.4 

9:17 A.M. 

0.20 

-2.10 

340 

0.537 

-0.010 

0.527 

+3.4 

9:20 A.M. 

-2.20 

-2.20 

339 

0.537 

-0.010 

0.527 

+3.4 


*T = observed temperature of inner bath at time of observation 
T F = temperature of zero velocity of float 

AT = temperature correction (T F - T) calculated from the float velocity 
Ay = density of unknown water minus density of standard water in terms of y 


(5) Results . The precision of the apparatus was tested by con¬ 
tinuous analysis of burned tank hydrogen during the period 6:00 P.M. 
one day to 8:45 A.M. the next day. The tank hydrogen was burned in 
air, and the resultant water was passed continuously through the float 
chamber at a rate of about 0.4 ml/min. Readings were taken once an 
hour. The results are summarized graphically in Fig. 5.11. Along 
the ordinate of this graph is plotted the density of the water from the 
burned hydrogen minus that of the standard water (in y). Time in 
hours is plotted along the abscissa. It is seen that the maximum 
deviation between the lowest and highest readings is about 2 y. Most 
of the results agree, however, with better precision. The average 
deviation from the mean for all the results is, of course, much less. 
It was believed that part of the fluctuations in these results could 
have been eliminated by better temperature control. 

The data in Fig. 5.12 show the reproducibility that may be expected 
in the use of the apparatus in a routine fashion with flowing hydrogen 
gas at a plant. The dotted line represents the density of the labora¬ 
tory-distilled water taken as reference; i.e., this water was taken as 
the standard with which all the other samples were compared. The 
coordinates used are the same as those used in Fig. 5.11. The open 
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circles represent measurements at zero water flow, the crosses 
represent data calculated from the observations during continuous 
flow (assuming that the given flow caused the float to rise at a rate 
2.3 mm/min greater than when the water flow was zero), and the 
solid circles represent data taken by the hydrogen-plant operators. 



6:00 P.M. 8:00 A.M. 

TIME, HR 


Fig. 5.11 —Density measurements during continuous flow with tank hydrogen. 


These men were not skilled in the manipulation of delicate physical 
equipment. They had been instructed merely to read and record once 
each hour the Beckmann-thermometer temperature and the position 
of the float. The results are quite encouraging. Except in one case, 
these inexperienced operators recorded measurements agreeing to 
within ±1 y. The results of the skilled observer (presumably Dole) 
are much more consistent, being generally within a few tenths of 1 y. 

The pointed arrows in Fig. 5.13 indicate the times when the float 
was either centered or had its position changed. As was already 
indicated, one of the chief difficulties with the continuous-reading- 
float determination method as described is the slow drift of the float 
to the side of the float chamber. This may introduce serious errors 
in the results calculated from data obtained with a given water-flow 
rate. On Aug. 30 (Fig. 5.12), for example, at 12:50 and 12:55 P.M., 
a density of +1.4 y was obtained with the float after it had drifted to 
one side. When the float was centered at 12:59 P.M., a density of 
about +2.9 y was obtained. Thus centering the float changed the 
density reading by 1.5 y. 
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It is interesting to note that a slow upward trend in the deuterium 
content of the plant hydrogen was indicated by the float. On Aug. 29, 
the reading was +2 y and on Aug. 30, +3 y. As can be seen in Fig. 
5.13, the density had become +5 y by Aug. 31. If the float had become 



Fig. 5.12—Analytical data, o, measurements at zero water How; +, measurements 
at a given water flow; •, measurements by unskilled operators. 


denser as a result of picking up grease or dirt, the temperature of 

the water would have had to be lowered to regain the balance point, 

and an apparent lowering of the density of the water would have been 
observed. 

The data in Fig. 5.13, obtained on Aug. 31, provide an example of 
the rate at which the apparatus will detect and measure a change in 
density after the water being passed through the evaporators actually 
has suffered a change in density. At a flow rate of 0.2 ml/min, the 
first evidence of change was noticed about 3 hr after the introduction 
of the new water (purified laboratory-distilled water). The density 
apparently became constant at the end of 6 hr at a value of -0.7 y. 
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(6) Modifications. The continuous-reading float has been modified 
in several details by Wright. 29 These modifications have resulted in 
an improved apparatus in which: 
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Fig. 5.13—Effect of changing water 


1. The float chamber is of such design that it automatically centers 
the float. 

2 The precision obtainable by a relatively unskilled operator is 

increased to about ±0.0002 mole % deuterium (0.2 y) for ” aterS J° m 
taining up to 0.03 mole % deuterium and- ±0.0004 mole % deu 
(0.4 y) for waters containing about 0.05 mole % deuterium. 
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3. The time lag between the occurrence of a change in the deute¬ 
rium content of the hydrogen gas and its detection by the float in the 
purified water is reduced to about 20 min. 



WATER FLOW 

Fig. 5.14 Modified float chamber. 


The design of the float chamber and connecting tubes was chaneed 
o that shown in Fig. 5.14. The reason for this change was 

the f, S 7 “° at chamber ln which the upward flow of water will hold 

hi Cent6r at 1,16 *op. The temperature of the Si w£ 

then be held at a point such that, when the water flow is stopped the 

float always falls. After the falling rate has been measured. ^ tZ 
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is returned to the top simply by turning on the water flow. The cham¬ 
ber is made from 16-mm tubing (4 mm smaller than that used in the 
previously described apparatus). The flare at the top is wide enough 
to prevent the falling float from clinging to the side but yet not so 
wide as to form a dead space. Water enters the chamber by means 
of two capillary tubes. The splitting of the water flow into the float 
chamber is for the purpose of creating some degree of turbulence. 
This gives better mixing and less opportunity for channeling. The 
presence of a little turbulence is not serious since all float readings 
are taken at zero water flow. 

Water leaves the chamber through 2-mm capillary tubing and goes 
to a conductivity cell (Fig. 5.15), from which it overflows into a re¬ 
ceiver. As in the previously described apparatus, the water flows by 
gravity and is controlled by placing the overflow tube from the con¬ 
ductivity cell at a level about 1 in. below collecting tray G, (Fig. 5.10). 
This head is sufficient for a flow rate of water of 60 ml/hr; the water 
level is about Ve in. below C 3 . The last contact of the water with air 
is therefore at C 3 . The modified apparatus has no capillary-flow 
control. 

The conductivity cell, shown in Fig. 5.15, is made by fusing two 
platinum disks (1 in. in diameter), 3 mm apart, into a pyrex tube. 
This type of cell not only has a large electrode area and close spac¬ 
ing, but it also has a small hold-up of water. 

In order to take a measurement, the flow of water through the 
chamber is stopped by turning stopcock 6 (Fig. 5.10) and bypassing 
the flow directly through overflow 2. The float begins to fall and 
quickly attains a steady velocity which it holds over a distance of 
about 15 mm. The rate is determined as previously described. The 
water is then again permitted to flow through the float chamber, and 
the float is returned to the top, where it is held until time for another 
reading. Usually, less than 10 min is required for a reading, but this 

depends upon the rate of fall of the float. 

This modified system of float and water-flow control has proved 
quite satisfactory. The decrease in the volume of the float chamber, 
the removal of the capillary-flow-control apparatus, and a general 
decrease in the volume of the system wherever possible (as, for 
example, by the use of 2-mm capillary for the cooler and all con¬ 
necting tubing) have resulted in a sharp decrease in the water hold-up 
in the apparatus. This hold-up is now estimated to be: lime trap 
(14 mm in diameter and 90 mm long), 4 ml; all connecting tubing up 
to the entrance to the float chamber, 9 ml; float chamber, 9 ml; float 
chamber to conductivity cell, 3 ml. The decrease in hold-up and the 
increase in the water-flow rate have resulted in a shorter time lag 
between the occurrence of a change in the deuterium content of the 
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hydrogen gas and the detection of a change in the density of the water. 
This time lag has been reported by Wright 29 to be about 20 to 30 min 
at a water-flow rate of about 50 ml/hr. 



Fig. 5.15 Modified conductivity cell. 


Part of the modified apparatus is shown in Fig. 5.16. In addition to 
the major changes already discussed, this apparatus has a larger 
burner than that shown in Fig. 5.10. The relative air-flow rates have 
also been changed from a ratio of 7 :1 :1 to 7 :1.5 :1.5 for the burner 
evaporator 1, and evaporator 2, respectively. An air-flow rate of 
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approximately 40 liters per hour is required to evaporate water at a 
rate of 60 ml/hr. 

Water purity is found to be good; the specific conductance is about 
10~ 6 . Although a considerable residue of calcium salts builds up 



Fig. 5.16—Modified apparatus. Note: to evaporators and float chambers as given 
in Fig. 5.10 except for absence of flow control and overflow 1. 


in evaporator 1, only a trace is carried over to evaporator 2 [see 
Sec. 2.3c(2)]. As in the original apparatus, each of the collecting 
trays C lt C 2 , and C 3 is so placed with respect to the exits of the cor¬ 
responding outlet tubes into the next stage of the apparatus that the 
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outlet tubing is, during operation of the apparatus, filled to within 
% in. of each tray. The outlet from the lime tube also is placed so as 
to leave no dead space. 

Since a reference water (in this case Columbia River water) is the 
ultimate standard, it was considered desirable to calibrate the appa¬ 
ratus on this rather than on hydrogen gas. For this reason, there was 



Fig. 5.17 —Float calibration curve (0.0001°C = 0.0000236 mole % D). Temperature 
values were read on the Beckmann thermometer. 


added to the apparatus the platinized Alfrax furnace, together with 
evaporator 3. Reference water fed from the 500-ml bulb (Fig. 5.16) 
at a constant head and flow rate is evaporated in a stream of air in 
evaporator 3. This air stream is diverted from the burner by me^ns 
of stopcock 2. The water is then passed through the furnace and into 
the rest of the apparatus. The furnace is made from a 28-in. length 

° f i: in -~ diameter quartz tubing wound to give a temperature of about 
750 C. During the calibration, the relative air-flow rates are in the 
ratio of 3:2:2 for evaporators 3, 2, and 1, respectively. A small 
amount of water collects in the burner. Provision is made to drain 


A typical calibration curve is presented in Fig. 5.17. The point 
were obtained in the order shown over a period of 10 hr. The curv 

— t0 m ° le % deuterium at a later time withoc 

difficulty. In calculating results, 251 y per degree centigrade wa 
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taken by Wright as the apparent density coefficient of water between 
24 and 25°C for the quartz float used. This differs from the value of 
240 y per degree centigrade assumed by Dole and used for calculation 
in Sec. 2.3c(4). From the slope of the curve in Fig. 5.17, 1 mm/min = 
0.00851°C = 2.14 y = 0.0020 mole % deuterium. This factor is char¬ 
acteristic of the size, shape, and material of the float. Since some 



TEMPERATURE, °C 


Fig. 5.18—Float calibration curve determined from data obtained by unskilled opera¬ 
tors. Slope: 1 mm/min = 0.00855°C. Temperature values were read on the Beckmann 
thermometer. 


loss of water occurs through the burner and evaporator condensers, 
it is advisable to hold the temperature of the condenser cooling water 
to within 2 to 3°C of the temperature used during calibration in order 
to keep the loss constant and thus minimize, by compensation, errors 
due to fractionation. This is especially true of the burner condenser, 
through which presumably 75 per cent of the loss occurs. 

Figure 5.18 contains calibration data as obtained by four relatively 
inexperienced laboratory operators. The agreement of the slope and 
intercept with those of Fig. 5.17 is very good. The dispersion in 
Fig. 5.18 is believed to have been principally due to the lack of ex¬ 
perience on the part of the operators. Wright concluded from these 
data that a relatively unskilled person can obtain results with an 
“accuracy” of ±0.0004 mole % deuterium when the measurements 
entail adjustment of the temperature of the thermostat. 



OTHER METHODS OF ISOTOPIC ANALYSIS OF HEAVY WATER 317 


It seems that, although unskilled operators frequently read the 
temperature incorrectly, they are less liable to make errors in 
measuring the rate of fall of the float. This is fortunate, because the 
apparatus is usually used at the plant over a sufficiently small con¬ 
centration range as not to require adjustments of the temperature. 
When using a water-flow rate of about 50 ml/hr, the linear rate of 
flow through the float chamber is about 8 mm/min. The apparatus 


Table 5.21—Operational Data 



Temperature, 

°C 






Burner- 

Water 

Falling 


Bath 


condenser 

flow, 

rate, 

Time* 

(Beckmann) 

Room 

outlet 

ml/hr 

mm/min 

9:30 P.M. 

4.611 

30 

10 

45 

2.3 

10:30 P.M. 

4.611 

29 

10.2 

48 

2.23 

11:30 P.M. 

4.610 

29 

10.2 

44 

2.08 

12:00 P.M. 

4.611 

28.8 

9.7 

40 

2.12 

1:00 A.M. 

4.610 

29.0 

9.8 

45 

2.1 

2:00 A.M. 

4.610 

28.4 

9.9 

45 

2.06 

3:00 A.M. 

4.610 

28.7 

9.8 

43 

2.10 

4:00 A.M. 

4.611 

27.3 

9.5 

40 

2.02 

5:00 A.M. 

4.610 

27.3 

9.2 

34 

2.07 

6:00 A.M. 

4.610 

26.6 

9.2 

31 

2.06 


*A11 data obtained on May 2, 1943. 


then has without the need for any temperature adjustments, a con¬ 
venient total working range of about 5 mm/min, or 0.010 mole % 
deuterium. In the analysis of gas with a deuterium content of less 
than about O.O 40 mo ie %, fluctuations greater than ±0.005 mole % are 
not likely to occur. The apparatus can then be operated at a constant 

c^bed t re ’t 1116 fluctuations in the deuterium content of the gas 

in Table ^ mer6ly ^ ^ Chang6S in the fallin S »te B . The data 
Table 5.21 were reported by an operator using the apparatus under 

these conditions. Assuming that the change of 0.001°C in the bath 
2 n P r 0 0 U r at z 11 ; 30 P - M - was n0t real - ^ average faUtog rate waS 

.11 0.08 mm/min. This uncertainty corresponds to ±0.00012 mole 

% deuterium, and the maximum deviation from the mean Vld 
estimated ZtT^ ‘° ±0 :° 0038 m ° le % de “m. it ha’s 'be n 

person can report results precise to ±0.0002 mole % deuterium. 
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In calculating results using a calibration curve obtained with a 
reference water,the difference in the O 18 content of atmospheric oxy¬ 
gen and of natural waters must be taken into consideration (Chap. 6, 
Sec. 5). The data of Morita et al. 33 * 34 indicate that the exchange re¬ 
action between oxygen and water vapor proceeds rather rapidly in the 
presence of a platinum catalyst at temperatures above about 600°C. 
The extent of reaction under a given set of experimental conditions, 
however, depends upon the catalyst used, the water-to-oxygen molar 
ratio in the gas passing over the catalyst, the space velocity, etc. The 
O 18 content of the water from the hydrogen burned in air may, there¬ 
fore, be significantly different from that of the reference water used 
to obtain the calibration curve. In this connection, Wright 29 compared 
the values for the deuterium content of a sample of hydrogen gas as 
obtained by (1) mass-spectrometer analysis of the gas and (2) float 
analysis of the hydrogen gas burned in air, using Columbia River 
water for calibration. Wright found that a correction of about 10 y in 
the observed float analysis was necessary for agreement between the 
two methods of analysis. It should be taken into consideration that: 

1. The data in Chap. 6 indicate that water made by burning hydro¬ 
gen in atmospheric oxygen is about 6.6 y denser than normal water 
with the same deuterium content. 

2. The data of Dole 14,32 indicate that Columbia River water has a 
lower density by about 3.8 y than has Lake Michigan water. 

3. The data of Kirshenbaum, Graff, and Forstat 24 show that probably 
only about 0.9 y of this 3.8 y is due to a difference in the deuterium 
contents of the two waters. 

It may be concluded that the Columbia River water that was passed 
over the platinized Alfrax at 750°C probably does not undergo ap¬ 
preciable exchange with the oxygen of the air under the experimental 
conditions described. 

(7) Precautions. Before closing the discussion of the temperature 
float, it may be advisable to list some of the many precautions that 
must be taken in order to assure precise analytical results. Many of 
these precautions have already been considered either implicitly or 
explicitly earlier in the chapter, but their importance is sufficient 

justification for repetition. 

1. The water samples being analyzed must be pure. According to 
Voskuyl, Davis, and Saxer, 12 the accuracy of density determinations 
is probably limited in most cases by the efficiency of purification. 

2. The float and float chamber should be cleaned before use (with a 
boiling mixture of sulfuric and nitric acids) and rinsed and steamed 
with water which has previously been refluxed with alkaline potas¬ 
sium permanganate to oxidize any organic matter present in the 
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water. After cleaning, the float should not be touched with the hand 
or any object which might be greasy. The float and chamber should 
be recleaned as frequently as necessary. The float should at all 
times be kept immersed in water. 

3. The balancing or flotation temperature of the float should be 
determined in the standard water at more or less frequent intervals 
in order to ascertain whether the density of the float has changed 
during the intervening period. The frequency of these checks is de¬ 
termined by the rate of change in the density of the float and the pre¬ 
cision required for the analyses. Wright 30 found it necessary to check 
the balancing temperature about once a week for the continuous - 
reading float. 

4. All stopcocks, ground-glass joints, etc., that come into contact 
with the water sample in any way should be free from grease. 

5. Losses of water during purification must be kept at a minimum 
in order to avoid fractionation. Voskuyl 35 points out,for example, that 
fractionation in the evaporator becomes very important for waters 
with deuterium contents of more than approximately 0.5 mole %. The 
evaporator must be run as a flash system; i.e., no water should be 
allowed to accumulate in the form of a drop from which there may be 
fractional evaporation. 


6 . Sufficient cooling water must be passed through the condensers 
of the burner and evaporators (Fig. 5.10) to keep them cold and there¬ 
by reduce the loss of water vapor to a minimum. 

7. The concentration of dissolved air in the sample being analyzed 
should be the same within experimental error as that in the reference 
water used for calibration. Both waters may, of course, be com¬ 
pletely outgassed, but care must be taken to avoid isotopic fractiona¬ 
tion during th^outgassing process. 

8 . The hydrogen pressure on the burner (Fig. 5.10) should be kept 
constant, although the flame will not go out even if the pressure fluc¬ 
tuates between rather wide limits. If, however, the burner should go 
out the flow of hydrogen must be stopped, and the burner must be 
well flushed with air before the flame is relighted with the Tesla coil. 
Failure to flush adequately may result in an explosion. If the flame 
is to be put out, it should be done by turning off the hydrogen flow. 

9. Water flow through the apparatus is by gravity, so that a bubble 

of air trapped in the tubing may easily stop the flow. Ordinarily 
however, there should be no difficulty in this respect Y ’ 

(d) Pr essure Float As was seen in the course of the discussion 

t ? mP ! I ' a ‘ Ure £l0at ’ 4116 a PP lica tion of pressure will vary both 
the float velocity and the flotation temperature. Thus, at constant 

temperature, the density of a sample of water relative to that of a 
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Fig. 5.19—Vacuum-distillation system and float chamber. (1) Air inlet. (2) Aspirator. 
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standard water may be obtained by comparing the pressures at which 
a float remains exactly balanced in the two waters. Greene and 
Voskuyl, 36 for example, used a heavy-walled, streamline float made 
of pyrex glass and weighted with mercury. The float had a volume of 
14.5 ml, and its density was adjusted to equal that of water at 4.58°C. 
At this temperature, the thermal expansion of water is equal to that 
of pyrex glass, so that small variations in temperature produce no 
appreciable change in the relative densities of the float and water. 

In the Greene and Voskuyl apparatus (Fig. 5.19), the float was 
permanently sealed in a chamber of similar shape, with a volume of 
about 63 ml, so that a sample of 48.5 ml of water was required for a 
determination of density. The chamber was provided with pushed-in 
points of glass which served to center the float and define its position 
when it was at the bottom of the chamber. 

The float chamber was permanently mounted in a glass thermostat, 
which was maintained at 4.58°C. The temperature was kept constant 
to ±0.002°C. The motion of the float was observed by means of a 
wide-field tube microscope with a scale in the ocular. The pressure 
was adjusted by admitting filtered air at 1 (Fig. 5.19) or by removing 
it by an aspirator connected at 2. The balancing pressure was meas¬ 
ured by means of the mercury manometer mounted in front of a 
mirror scale. Balancing pressures could be duplicated upon the same 
sample to 0.05 cm Hg. This corresponds to 0.02 y in density. About 
2 hr was required for a sample to come to thermal equilibrium when 
it was stirred frequently by moving the float up and down. 

The float was calibrated by determining the change in balancing 
pressure caused by hanging small glass rings on the bottom end of 
the float. These rings were weighed on a microbalance with the same 
set of standardized weights used in weighing the float. A sample of 
ordinary conductivity water was used in this calibration. 

In a typical calibration experiment, a ring having a weight of 
0.001215 g caused a change of 130.51 cm in the balancing pressure of 
the float. Taking the density of pyrex glass as 2.23 g/cc, the volume 
of the ring can be calculated to be 0.000545 cc, and its effective 
weight under water is therefore calculated to be 0.000670 g. The 
weight of the float was 14.5060 g. Consequently, adding the ring 
changed the effective density of the float by 0.000670/14.506 = 46.19 y. 
The effective change in the density per centimeter of pressure was 
therefore 46.19/130.51 = 0.3539 y. It is of interest to note that the 
sensitivity would have been 0.68 y per cm Hg had the float been 
entirely incompressible. It appears, therefore, that this float was 
slightly less than half as compressible as water. 
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The sample of water being analyzed was purified by a series of 
five successive distillations, three of which were at atmospheric 
pressure and two under vacuum. The vacuum distillations were made 
in the all-glass system shown in Fig. 5.19; the last distillation was 
made directly into the float chamber. The water was distilled into 
and removed from the chamber by means of capillary tubes sealed to 
the top and bottom of the chamber. These tubes were filled with the 
water sample and were sufficiently long so that there was no danger 
that the density of the water in the float chamber might be changed by 
solution of the air admitted to the system when the balance was made. 

The balancing pressure was corrected for any variation in the height 
of water in these tubes. 

Gilfillan 37 made his measurements with the pressure float at 0°C. 
His floats were also made of pyrex glass weighted with mercury. Of 
the three floats he used in his investigation, two were more com¬ 
pressible and the third was less compressible than the water. Thus 
the first two floats sank and the third rose with increasing pressure. 
Gilfillan calibrated his floats with potassium chloride solutions of 
known composition, using the data in the literature to compute the 
densities of the calibrating solutions. 

Since the determination of density by means of the pressure float 
is, in a number of ways, very similar to the analysis made by means 
of the temperature float, many of the possible sources of error are 
the same. For example, the density of the float must be checked 
frequently. Greene and Voskuyl 36 found that at constant temperature 
the balance pressure of the float in a given stock solution tended to 
increase over long periods of time. This indicated that the density of 
the float was gradually increasing. In the course of 2 yr, the density 
of this particular pyrex float increased by about 2 y. Gilfillan 37 ob¬ 
served a similar phenomenon with one of his floats. He found that, 
for the float which was less compressible than water, the balancing 
pressure in a standard solution increased over a period of about two 
months at a rate of 0.075 y per day. The other two floats of Gilfillan 
were of constant density during the same period of time. 

30 

Another interesting observation was made by Greene and Voskuyl. 
They found it advisable to keep their float at 0°C during the intervals 
between a series of measurements. Whenever the float was kept for 
several days at room temperature, the balancing pressures observed 
upon first cooling to 4.58°C indicated float densities 0.2 to 0.3 y less 
than those observed after 20 hr or more at ice temperatures. In 
addition to these factors, practically all other precautions discussed 
in the sections on the temperature float are applicable, practically 
without modification, to the pressure float and, of course, also to the 
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magnetic float which is described briefly in the following section. As 
a matter of interest, it might be mentioned here that Dole 14 suggested 
the possibility of using the pressure float for a continuous-analyzing 
apparatus. He visualized a number of float chambers in one large 
thermostat operating at about 3.98°C. Using the pressure method, 
the density of a water sample would be determined by stopping the 
water flow (in order to make a pressure-tight system) and then de¬ 
termining the air pressure which must be applied by means of a 
mercury-leveling bulb to bring the observed velocity of the float 
to zero. 

(e) Magnetic Float . The magnetic float was first used by Lamb 
and Lee 7 in 1913. Their float was made from a 250-ml round-bottom 
Jena glass flask. Smaller magnetic floats based upon the same prin¬ 
ciples have since been designed. Hall and Jones, 18 for example, used 
a quartz float 13 cm long, with a volume of only about 8.2 ml at 25°C. 
A cobalt-steel permanent magnet was sealed in the bottom of the 
float and held permanently in place with wax. This float was placed 
in a 60-ml float chamber which had a bottom that was ground flat on 
the inside. The magnetic float was attracted to this flat surface by 
the field of an electromagnet beneath the chamber. It was found that 
the float centered itself automatically and reproducibly in the field of 
the electromagnet. By slowly reducing the current through the coil of 
the electromagnet, the exact voltage could be found which just pre¬ 
vented the float from rising in a given sample of water. The density 
of the water relative to ordinary water (or a standard water) is cal¬ 
culated from this voltage reading. The apparatus was calibrated in 
ordinary (or standard) water by successively adding small platinum 
weights to the top of the float and measuring the voltage through the 
coil necessary to hold the float against the bottom of the chamber. 
From the weight differences, voltage readings, volume of the float, 
and volume of the platinum weights, it was found that for this particu¬ 
lar float 1 mv corresponded to a density change of 9.22 y. This factor 
was found to be constant over the total density range studied (150 y). 
The apparent precision of a single reading was 0.1 y, and the meas¬ 
urement could be repeated at different times on the same samples to 
0.2 or 0.3 y. 

A similar magnetic float was used by Hall and Alexander. 38 Their 
float had a volume of 9 ml and required a water sample of about 20 ml 
to cover it. The apparatus was found to be very sensitive to external 
magnetic effects. The presence of ironware in the immediate vicinity 
of the float chamber, for example, caused the float to be drawn to one 
side. For this reason, brass, copper, and glass were used almost 
exclusively in the construction of the instrument. The tip of the float 
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was observed by means of a telescope through openings In the brass 

tube of the chamber holder. Detailed directions for operation of 

magnetic-float density apparatus are given in the various references 
quoted. 

In working with any of the floats discussed, it is obviously neces¬ 
sary to control the temperature of the float very closely if precise 
results are desired. For a given precision, the allowable fluctuation 
in temperature depends upon the temperature at which the experiment 
is performed. Small temperature variations, for example, have very 

little effect on the density of water at the temperature of maximum 
density. 

Hall and Alexander 38 found that the optimum operating temperature 
for their quartz float was 4.07 to 4.09°C. The difference of this tem¬ 
perature from that of the maximum density of water is due in part to 
the thermal expansion of the quartz float and in part to the change of 
resistance of the electromagnet with temperature. The effect of tem¬ 
perature on the apparent density of water is shown in Fig. 5.20. These 
data, which were obtained by Hall and Alexander, show the marked 
advantage of working at the lower temperature. 

It was also necessary to correct the observed density to allow for 
fluctuations in atmospheric pressure. For the float used by Hall and 
Alexander, the pressure effect on the observed density was linear 
and amounted to 0.393 y per cm Hg over a wide pressure range. As 
was already mentioned, the precautions and errors discussed for the 
temperature and pressure floats are also applicable with little or no 
modification to the magnetic float. 

2*4 Falling Drop , (a) General Principles . It was illustrated by 
Barbour and Hamilton 39 that the specific gravity of a liquid may be 
determined fairly accurately by the falling-drop method. In principle, 
this method involves timing the fall of a drop (of known size) of the 
fluid to be analyzed through a definite distance in a liquid or mixture 
of liquids immiscible with the fluid. This medium should have a low 
viscosity. Its specific gravity should be somewhat lower than that of 
the fluid to be tested. The heavier the drop, the faster it will fall. 
To a first approximation, the rate of fall of the drop is governed by 
Stokes* law. 

Stokes* law states that, when a small sphere falls under the action 
of gravity through a viscous medium, the sphere ultimately acquires 
a constant velocity 


2fifr 2 (dj - do) 

9r? 


(10) 
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TEMPERATURE,°C (CURVE A) 



Fig. 5.20 Effect of temperature on the apparent density of water. 


where V = terminal velocity of the falling sphere 
r = radius of the sphere 
g = acceleration due to gravity 
dj = density of sphere 
d 0 = density of medium 
r\ = coefficient of viscosity 

Any consistent set of units may be used, but V is in centimeters 
Per second if g is in centimeters per second, r is in centimeters, 
d is m grams per milliliter, and r) is in poises or dyne second per 
square centimeter. Thus, if a drop of fluid is extruded from a pipet 
mto a ‘‘fall tube" of sufficient length containing a liquid or mixture 
of liquids immiscible with the fluid and having a proper density and 
viscosity, a sphere is formed which falls slowly down the tube. The 
rate of fall, all other things being constant, depends upon both the 
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radius and the density of the drop. With a properly constructed pipet 
the drop size can be kept sufficiently uniform so that the rate of fall 
of the spherical drop is a measure of its specific gravity. 

The falling-drop method, as described by Barbour and Hamilton, 39 
was applied by Vogt and Hamilton 40 and by Fenger-Eriksen, Krogh, 
and Ussing 41 to the determination of the deuterium content of water. 
These investigators were able to determine the density of water to 
1 to 2 y. They, as did Barbour and Hamilton, used a mixture of bro- 
mobenzene and xylene as the immiscible liquid. Since, however, the 
vapor pressures of the components of this binary system differ, any 
evaporation changes the composition and density of the surface layer, 
giving rise to vertical currents. This, of course, also changes the 
calibration (i.e., the correlation between the specific gravity and the 
falling time of the drop). In order to avoid these difficulties, Keston, 
Rittenberg, and Schoenheimer 42 proposed the use of o-fluorotoluene 
as the immiscible medium. They found that the middle fraction of 
the distillate of o-fluorotoluene obtained from the Eastman Kodak Co. 
has a relative density of about 0.9996 at 26.8°C. 

The density difference between o-fluorotoluene and water can be 
varied within reasonable limits, since the coefficients of thermal 
expansion of these two liquids are different. It is thus possible, by 
adjusting the temperature of the thermostat, to make the falling time 
of a drop of water any value compatible with the accuracy desired. 
Keston, Rittenberg, and Schoenheimer 42 used a 7-cu mm drop. A drop 
of this size, in the case of ordinary distilled water, falls 15 cm in 
about 180 sec. A difference in falling time of 1 sec ‘ corresponds to 
about 2.5 y in density in this deuterium concentration range. Thus, 
with drops falling in about 180 sec, it is possible to compare two 
water samples with a reproducibility of about 1 y. A sample of water 
containing 0.10 mole % deuterium has a falling time of about 140 sec. 
A typical curve giving the variation in falling time with variation in 
deuterium content of the water is shown in Fig. 5.21. The data for 
this curve were obtained in the Columbia University laboratories. 

The procedure and apparatus at Columbia University and associ¬ 
ated projects are similar to those described by Keston, Rittenberg, 
and Schoenheimer, 42 except for the micropipet used to form the uni¬ 
form drops of water. The modified micropipet used is that described 
by Rosebury and van Heyningen. 43 The correlation between the spe¬ 
cific gravity (or deuterium content) of the water sample and the fall¬ 
ing time of a drop of the sample is obtained experimentally in graphi¬ 
cal form. The basis for the plotting method follows from Stokes' law. 

j _j _ 9 Vr) 9t]x 
1 Q ° 2 gr 2 2gr 2 t l 
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Fig. 5.21—Falling time vs. deuterium concentration. 


where x = falling distance 
t x = falling time 

The other symbols were defined at the beginning of this section. Thus 

d .-do=£ 

r _ 9 1?X 

C "2i? 


For another sample of water 


and therefore subtracting, the following is obtained: 

c (k- y 

Unfortunately, C is not completely independent of the deuterium con¬ 
tent of the water sample; i.e., the falling drop does not really obey 
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Stokes’ law. It is advisable, therefore, to plot - d 2 versus (1/t - 
l/t 2 ) for a set of standard waters (waters of known density), keeping 
either d t or d 2 always the same, and then to use the resulting cali¬ 
bration curve to convert time readings into densities. The falling- 
drop apparatus may also be calibrated by the use of sugar or salt 
solutions of known densities. This procedure, however, is not rec¬ 
ommended when heavy waters of various densities are available. The 
use of the salt or the sugar solution may introduce the numerous 
uncertainties that can arise when the calibrating liquids are not of 
the same chemical composition as the waters to be analyzed. 

As was seen in Chap. 1, Sec. 3.4, the deuterium content of a sample 
of water is connected by simple algebraic equations to the density or 
specific gravity of the water. Thus it is possible to draw a calibration 
curve correlating the mole (weight or volume) per cent water with 
the time of the fall. The equation may be written as 


(Mole per cent D) wateri - (Mole per cent D) wat er 2 = 


( 12 ) 


where water 2 = standard water with falling time t, 

K = function of the deuterium content of the water sample 
Then, if A is the deuterium content of the standard water, 


Mole per cent D in water sample = A + K 


Vt, t J 


(13) 


Figure 5.22 shows a calibration curve reported by Smith 44 using 
Columbia University distilled water as standard. The waters of 
known deuterium content used to determine the points on the cali¬ 
bration curve were obtained by quantitative dilution of 99.9 per cent 
D z O with the ordinary distilled water. The original curve (Fig. 5.22) 
employed with the apparatus was drawn to scale in which 100 mm 
corresponded to 0.01 unit along the (l/t x - l/t,) axis and 0.5 unit on 
the mole per cent deuterium axis. The size of the circles around 
each point does not represent the experimental error. 

It is also possible to calibrate a falling-drop apparatus by plotting 
K in the above equation as a function of (1/tj - l/t,) and using the 
resulting graph together with the formula to convert time readings to 
mole (weight or volume) per cent deuterium in the water sample. A 
typical calibration curve of K versus A (l/t) is shown in Fig. 5.23. 
Smith and coworkers obtained this curve using sucrose solutions of 
known density. 
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(b) Apparatus. (1) Falling Tube and Thermostat . The tube holding 
the o-fluorotoluene has a 1-cm inside diameter and is 55 cm long. It 
has two lines engraved on it, 8 and 23 cm from the bottom, respec¬ 
tively. The tube is sealed at the bottom,* and it is closed at the top 



Fig. 5.22—Falling-drop calibration curve. 


with a ground-glass stopper. The tube is filled with o-fluorotoluene 
to within 5 cm of the top and is immersed in a thermostat to within 
3 cm of the top. The tube must be supported rigidly so that the stir¬ 
ring of the bath does not cause any vibrations. In addition, great care 
must be taken to assure that the axis of the tube is vertical. 

The thermostat is a glass tank of sufficiently large capacity to 
permit the temperature to be regulated to 0.001°C. Two strips of the 
thermal insulation are removed from the tank in order that the tube 
may be observed with ease. The time of fall of a drop between the 
two marks is measured with a stop watch that can be read to 0.1 sec. 

(2) Micropipet . A drop of uniform volume is secured by means of 
the micropipet shown in Fig. 5.24. All parts are either of stainless 


A tube with a siphon on the bottom for removing the water collected after several 
nins was also used. 
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steel or cold-rolled steel, unless stated otherwise. A bakelite knob 
(N) is attached to the screw (C), which has a pitch of 0.037 in. Just 
above the threads on C, the stop-arm (I) is inserted. The lower 
rounded end of C presses upon the head of the piston (H), the shank 



Fig. 5.23—Falling-drop calibration curve. 


of which is seated in the hole in the platform (F). One or more addi¬ 
tional holes (f) in this platform are also provided. The shank has a 
diameter of 0.114 in., and the hole is 0.116 in. in diameter (No. 32 
drill). The pressure of C is opposed by a thick compression gasket 
(M) of pure live gum rubber, which fits snugly on H and thereby also 
serves as a seal to the clearance space between H and F. The exten¬ 
sion at the bottom of F is turned, as shown, to correspond to the 
inside and outside diameters of a short length of glass tubing (R). 
These diameters are 0.237 and 0.327 in., respectively. The glass 
tubing (R) is sealed to the capillary glass tubing (S), which has the 
same outside diameter and an inside diameter of not more than 2 mm. 
In order to preclude air pockets, the glass and glass-metal joints 
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must be smooth, and the bottom of the hole in F must be smoothly 
countersunk. The end of H is conical for the same reason. J is a 



Fig. 5.24—Micropipet construction. 


piece of rubber pressure tubing or a rubber stopper with a snug- 
fitting hole. Rubber gaskets K and L have the same diameters as 
the inside of the housing cylinder (A) and the thread undercut at the 
bottom of the screw cap (B), respectively. These gaskets are ce- 
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mented together with rubber cement and are provided with tight- 

fitting holes accurately centered for S. The screw cap (B) is threaded 

to A and is knurled on the outside. The hole in B through which S 
passes is 0.375 in. in diameter. 

The top plate (D) carries one or two movable stops (G), which in 
use are held rigidly in place with the setscrews (O). The top plate (D) 
and the upper cap (E) may be one piece or may be fastened firmly 
together with the screws (P). The platform (F) and E are held se¬ 
curely in their respective places within A by means of the screws (Q). 
The upper cap is provided with a filler hole (V). This hole is pro¬ 
tected from dust by means of the screw (W), from which the threads 
have been turned off. 

The remainder of the pipet (Fig. 5.25) consists of the stopcock (T), 
the reservoir (U), and the connecting rubber tubing. The end of the 
capillary tubing (S) is drawn out to a smaller diameter. The reser¬ 
voir (U), when not in use, is hung on a hook which is carried on the 
bracket (X). This bracket also carries an adjustable clamp (Y) to 
which S is attached; Y is in turn carried on a smoothly operating 
rack-and-pinion device (Z), which has a vertical travel of about 4 in. 
and which is rigid enough to carry the weight of the pipet when it is 
filled with mercury. It is possible to use the modified head and 
spindle of a drill press, in which the two ball-bearing assemblies are 
replaced by solid bearings, each carrying a setscrew which engages 
the key way in the upper end of the spindle. This prevents rotation* of 
the spindle but permits the normal vertical motion. 

In assembling and setting up the instrument for use, the following 
procedure was suggested by Rosebury and van Heyningen. 43 

All parts should be carefully cleaned before assembly. Platform F 
(Fig. 5.24) is first screwed in place in A. The glass system is passed 
through B. Rubber gaskets L and K are inserted in J and then ce¬ 
mented to the platform extension with de Khotinsky or other suitable 
cement; J is slid over the joint, and B is brought up and screwed 
tight. Mercury is then poured into U (Fig. 5.25), stopcock T is opened, 
and the mercury is allowed to flow into both branches of the capil¬ 
lary. When the mercury has risen so as to overflow the hole in F,the 
stopcock is closed. The piston (H), carrying the gum-rubber com¬ 
pression gasket, is inserted; E, carrying plate D, is fastened in place 
with screws (Q); and the main screw, with knob (N), is screwed in 
and brought down so as to press firmly but not too heavily upon the 
head of the piston. The proper pressure to be used is determined by 
experiment. 


*The spindle was free to rotate in the Columbia University instrument. 
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Petroleum jelly should be applied sparingly to the thread and to the 
rounded end of C before assembling. Additional mercury is intro¬ 
duced through V until it can just be seen at the bottom of the hole; W 
is then inserted. Since H and M are in place, this mercury runs down 



Fig. 5.25 —Diagram of pipet. 


through holes (f) to fill the lower compartment. The purpose of this 
additional supply of mercury is to prevent leaks at the joints at M 
and J. Stops G are put in place on D; only one stop is used when 
maximum drop size is required. 

In filling the pipet with mercury, it is necessary, for work of high- 
es accurac y» to be sure that no air is entrapped. The presence of an 
air gap, the volume of which varies with the temperature of the pipet 
makes it extremely difficult to assure a constant drop size from day 
o day. The presence of air in the pipet can readily be determined by 
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tilting or rotating the whole pipet about an axis perpendicular to the 
plane of the illustration in Fig. 5.25. With no air present,the mercury 
meniscus in capillary S does not move. A movement of the mercury 
meniscus of less than 2 or 3 mm is not considered serious. 



Fig. 5.26—Filling pipet with mercury. 


In order to assure air-free conditions, the pipet should be evacu¬ 
ated before being filled with mercury. The method of doing this may 
perhaps be best understood by reference to Fig. 5.26. The pipet is 
sealed by means of a capillary tube (80 cm long) to a diffusion pump. 
With no mercury in the pipet and with the mercury level about x k in. 
below the stopcock (T),the pinch clamp on the rubber tubing is closed 
and the stopcock is opened. The closed pinch clamp prevents the 
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mercury from flowing back into the pipet during evacuation. The 
entire system is evacuated for about 10 min. The stopcock is closed, 
and the evacuation is continued for an additional 20 min. The mercury 
is then slowly allowed to enter the system and rise in the capillary 
tube. The stopcock (T) is again closed, and the system is opened to 
the atmosphere. If, upon opening to the atmosphere, the mercury in 
the capillary does not move, the pipet is considered to be air-free. 
It is, nevertheless, also tested by the method discussed above. 

( c ) Operation of the Pipet . A sample of water to be analyzed is 
placed in a small tube. Referring to Figs. 5.24 and 5.25, C is backed 
off around to the stop, and U is held at a high level. With the drawn- 
out end of S dipping below the surface of the water sample, T is 
opened, allowing a drop or two of mercury to flow out of the pipet 
The mercury reservoir is then lowered, drawing some of the sample 
into the end of the pipet in order to flush it. Another drop of mercury 
is allowed to flow out, and the mercury reservoir is once again low¬ 
ered. The stopcock (T) is closed, and the sample vessel is removed. 
The end and outside of the pipet are cleaned with hard filter paper. 

he pipet is lowered by the rack and pinion until the capillary (S) 
dips into the fall tube, extending below the o-fluorotoluene surface. 

en the tip of the pipet is thus immersed, the water may be ob- 
erved as a dark line in the constricted portion of the capillary. It 

tfn°nJ th yS n e CGrtain ** ms dark Une extends to the very 
P of the capillary before squeezing out the drop; N is then turned 

St0P ’ expellin e a dr °P of the sample. The pipet 
^ then raised slowly, and, as the tip of the capillary passes through 

j! d S r l * thG °- fluorotoluen e, the drop is detached. Usually 
the drop quickly seeks the center of the tube and attains a uniform 
velocity. Its rate of fall between the two circular marks on th f k 
is determined. The volume of the drop! given by * ^ 


V = 7 Tr*p 


360 


(14) 


where V = the volume of the drop 

r = the radius of the piston shank (H) 

P = the pitch of screw C 

The vafue = ot‘ hr ° Ugh Whlch C has been turned 
sity, sines V presumab* is ° f den " 

Plp^^^^nJ"idTbe^safil 6 T™ deSigned ' A sim P^ 
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length of >/ 2 -mm capillary tubing with a bulb and screw-clamp ar- 
rangement at the top. It is drawn out to a very fine capillary at the 
tip. A scale is scratched on the pipet. In use, this pipet is first 
rinsed once or twice with the water sample, which is then drawn in 
to a mark on the scale. The tip of the capillary is wiped carefully 



PIPET 


\ r 


HOLDER 


Fig. 5.27—A micropipet. 


with hard filter paper, and the pipet is placed in its holder with the 
tip just below the surface of the o-fluorotoluene. Water is expelled 
by means of the screw clamp to a second mark on the scale. As with 
the other pipet described, the drop that is formed clings to the tip of 
the pipet and is released by slowly raising the tip through the surface 
of the liquid. Wright 46 states that the drop size with this pipet is 
reproducible to 1 per cent. He also points out that this pipet has the 
advantage of showing the volume actually delivered. When not in use, 
the pipet is kept filled with water. 
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(d) Results . All samples analyzed by the falling-drop method must 
be purified before analysis. Any of the many methods already dis¬ 
cussed for the purification of water samples may be used. The data 
obtained by a number of different observers in different laboratories 
indicate an over-all precision of about 1 per cent for the falling-drop 
method. An example of the precision obtainable is given in Table 5.22. 


Table 5.22 — Precision of the Falling-drop Apparatus 


Date 

Falling time, 
sec 

3-6-43 


273.2 

273.5 

274.1 

272.3 


Av. 

273.3 ± 0.5 

3-8-43 


272.2 

270.4 

272.3 

272.9 

273.2 


Av. 

272.2 t 0.7 

3-9-43 


270.7 

268.4 

268.1 

270.4 

268.2 

271.6 


Av. 

269.6 ± 1.3 


These data were obtained in the Columbia University laboratories by 
Turner, 47 using an apparatus similar to that shown in Figs. 5.24 and 
5.25. Similar precision data are reported by Voskuyl 48 for the same 
apparatus. These data are summarized in Table 5.23. 

Voskuyl 48 cross-checked the results obtained by the falling-drop 
method of analysis with those obtained by other methods. As may be 
seen from the data in Table 5.24, the agreement is quite good, usually 
with less than 1 per cent error. The data in Table 5.25 show that the 
agreement between the falling-drop and mass-spectrometer analyses 
(equilibration method) is within the probable error expected for rou¬ 
tine mass-spectrometer analysis (see Chap. 3, Sec. 2.4). Table 5.26 
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Table 5.23 —Reproducibility of the Falling-drop Apparatus 


Deuterium, mole % 


Deviation, % 


Sample 

WS-1 

WS-2 

WS-3 

WS-3at 

WS-4 

WS-5 

WS-7 

WS-8 


Date 

6-7-43 

6-21-43 

6- 21-43 

7- 13-43 

6-7-43 

6-21-43 

6-21-43 

6-22-43 

6- 22-43 

7- 7-43 
7-9-43 
7-10-43 

7-7-43 

7-9-43 

7-12-43 

7-12-43 

7-12-43 

7-13-43 

7-14-43 

7-16-43 

7-17-43 

7-19-43 

7-24-43 

7-24-43 

7-14-43 

.7-30-43 

7-15-43 

7-15-43 

7-30-43 

7-24-43 

7-26-43 

7-30-43 

7-26-43 

7-26-43 


Analysis 

0.144 

0.144 

0.141 

0.145 

0.147 

0.146 

0.144, 

0.756 

0.738 

0.740 

0.735 

0.747 

0.740 

0.746 

0.743 

0.742 

0.745 

0.746 

0.743 

0.743 

0.749 

0.746 

0.743 

0.553 

0.551 

0.544 

1.441 

1.443 

1.430 

0.139 

0.140 

0.140. 

0.268] 
0.270 J 


Average 

0.143 5 

0.145 7 

0.743 2 

0.744 2 

0.549, 

1.438 0 

0.139 7 

0.269 o 


Average* 

0.87 

0.75 

0.89 

0.28 

0.65 

0.37 

0.31 

0.37 


Maximum! 

1.7 

1.2 

1.6 

0.64 

0.96 

0.56 

0.50 

0.37 


*Per cent average deviation = (Zd/nA) x 100, where n is the number of observations 
and d is the deviation of each observation from the average (A). 
tPer cent maximum deviation = (maximum d/A) x 100. 
tSample of repurified WS-3. 
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Table 5.24 — Comparison of Analytical Methods 


Deuterium, mole % 


Sample 

Calculated from 
dilution data 

Float 

Falling-drop 

1 

0.1278 


0.128 

2 

0.3459 

0.3459 

0.339 

3 

0.5780 


0.572 

4 

1.0989 

1.0984 

1.097 

5 

3.0975 

3.0991* 

3.095 

6 

5.3981 

5.4002* 

5.395 

7 


0.1061 

0.106 

8 


0.3236 

0.326 

9 


0.5107 

0.511 

10 


4.545* 

4.542 


‘Diluted to 0.5 mole % for analysis by the temperature-float 
method. 


Table 5.25 Comparison of Falling-drop and Mass-spectrometer Analyses 


Deuterium, mole % 

Sample Falling-drop Mass-spectrometer Difference* % 

WS-3 0.756 

WS-4 0.553 

WS-5 1.441 

WS-6 3.994 

(Falling -drop value) - (sp ectrometer value) 

average value x 100 


0.74 

0.54 

1.44 

4.08 


+ 2.1 

+2.4 

+0.07 

-1.9 


Table 5.26 

— Comparison of Falling-drop and Float Analyses 

Deuterium, mole % 

Sample 

Float 

Falling-drop 

Difference, % 

a 

0.1061 

0.105 

1.0 

b 

0.2931 

0.287, 

1.9 

c 

0.3236 

0.326 

0.7 

d 

0.4204 

0.417 

0.8 

e 

0.4448 

0.440, 

1.0 

f 

0.5541 

0.548, 

1.0 

g 

0.5107 

0.513 

0.4 

h 

0.5731 

0.570 

0.5 
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summarizes additional data on the agreement between the falling- 
drop and float analyses. 

(e) Precautions . Although the falling-drop apparatus appears to be 
quite simple to operate and the results given in the previous section 
indicate a precision of about 1 per cent, there are a number of pre¬ 
cautions that must be taken in order to assure reliable results. 


Table 5.27 — Uncertainty in the Falling-drop Method Due to 

Air Gap in Micropipet 

Falling time, 

Date sec 

2-24-43 292.32 

292.32 

289.14 

268.80 

275.22 

266.10 

275.16 

281.10 

267.96 

281.34 

277.62 

287.40 

Av. 279.5 ± 7.6 


The drop size must always be the same. This means, in the case 
of the micropipet of Fig. 5.25, that the pipet must be air-free. The 
seriousness of this source of error may be seen by comparing the 
data in Table 5.27 with those in Table 5.22. Both sets of data were 
obtained by Turner with the same pipet. The data in Table 5.27 were 
recorded using the pipet without having taken the necessary precau¬ 
tions to assure the absence of an air gap. As a matter of fact, after 
these results were obtained, examination showed the presence of air 
beneath the piston of the micropipet. The results in Table 5.22 were 
obtained with an air-free pipet. The difference in the uncertainties 
of the two sets of data is significant. The method of assuring the 
absence of air in the pipet was discussed in detail in Sec. 2.4b(2). 

As with many of the other analytical methods, the constancy of the 
thermostat* and the purity of the samples are important factors in 


•Wright 46 reported that the temperature of the water sample is important. He found 
that, when the sample was too cold, a series of drops showed a trend to increasing 
falling times; whereas for a sample that was too warm, a series of drops showed a 
downward trend in falling times. It is advisable, therefore, to maintain the tempera¬ 
ture of the sample as close as possible to that of the dropping medium. 



OTHER METHODS OF ISOTOPIC ANALYSIS OF HEAVY WATER 


341 


determining the reproducibility of results. The coefficient of thermal 
expansion of water at 27°C (the approximate temperature of the ther¬ 
mostat) is about 0.0002 unit per degree centigrade, while that of the 
o-fluorotoluene is of the order of 0.0012 unit per degree centigrade. 
This results in a differential coefficient of expansion of about 0.001 
unit per degree centigrade. Thus a variation of 0.001'°C in the tem¬ 
perature of the o-fluorotoluene will result in an uncertainty of about 
1 y in the observed density of the water.* The effect of impurities in 
the water upon its density has been amply discussed in various sec¬ 
tions of this and previous chapters. It may, however, be advisable 
once again to caution that the purification procedure must be such 
that errors due to isotopic fractionation are avoided. 


The o-fluorotoluene that is used should be relatively pure. Water- 
soluble impurities are obviously possible sources of error. Keston, 
Rittenberg, and Schoenheimer 42 found that the middle fraction of the 
distillate of o-fluorotoluene obtained from the Eastman Kodak Co. 
was suitable for precision work. A similar method of purifying the 
commercial product was used by Wright. 46 Smith and Turner, 47 on 
the other hand, did not find it necessary to purify by distillation the 
o-fluorotoluene they had obtained from the Eastman Kodak Co. They 
and others in the Columbia University laboratories merely shook 
the o-fluorotoluene with water before use in the falling-drop appa¬ 
ratus. Voskuyl 48 found that analyses made with normal distilled water 
shortly after new o-fluorotoluene had been added to the falling tube 
tended to be erratic. These analyses had to be corrected by compar¬ 
ing the falling times of the samples with the falling times of standard 
reference waters. It is not quite clear whether the o-fluorotoluene 
used when these observations were made had been washed with dis- 
illed water before use. A similar observation was made by Wright 46 
for distilled o-fluorotoluene. 


It may be a wise procedure to check periodically the calibration 
curve being used with the apparatus. Smith, 50 for example, found that 
two cahbrations, 01 ! 6 made on Jan. 22, 1943, and the other on Feb. 25, 

i J aVe values differing by 1.8 per cent in the range 2.3 to 3.5 
mole % deuterium. This checking of the calibration curve may be 
one most easily by the use of standard solutions. It is generally 
recommended that the standard solutions used be either reference 
waters prepared by quantitative dilution of heavy water or reference 
TOters analyzed by some other method, such as the float or gas- 
equilibration method. Smith 10 and Voskuyl 10 found that primary stand - 
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ards made of sugar solutions were of temporary value only, in that 
their densities sometimes changed with time. 

As in other analytical methods based upon the determination of 
density, calculation of the deuterium content of the water sample 
being analyzed involves knowing something about its O 18 content. 
Normalization with sulfur dioxide of the standard reference waters 
before obtaining the calibration curve and of the unknown water sam¬ 
ples being analyzed is one method of minimizing errors due to en¬ 
richment or depletion of the O 18 content in the samples. The effect of 
air on the density of the water must also be considered. Usually, 
however, the last step in the purification of the water sample being 
analyzed is a vacuum distillation. This gives an air-free sample 
which, with due precautions, can be analyzed without dissolving a 
significant quantity of air in it. 

Wright 46 recommended that drops be released at regular intervals 
so that any possible effect on each other while falling will be uniform. 
He was also careful not to have more than two drops falling in a tube 
at any one time. Some preliminary work was done in the Columbia 
University laboratories in an effort to determine whether the pres¬ 
ence of several drops falling more or less together in a tube would 
lead to erratic results. A conclusive answer was not obtained. It was 
found, however, that more than two or three drops in a tube could not 
be handled conveniently. Rittenberg 55 found that there is no observ¬ 
able interaction between drops kept 10 cm apart. 

(f) Applicability . This method of analysis may be used for samples 
as small as 0.2 ml. Usually, only an approximate answer is obtained 
with samples of this size. According to Huffman, 52 a minimum sample 
of about 1.5 ml is required for best results. This amount of sample 
will permit one determination, i.e., purification and the timing of a 
number of drops (usually four or more). Three to four check deter¬ 
minations can be made on a 5-ml sample. 

The time of fall of a drop depends, as has been seen, upon the den¬ 
sity of the water, the density of the medium (o-fluorotoluene), the 
viscosity of the medium, and the size of the drop. With a given pipet 
and at a given temperature, it is usually possible to analyze samples 
with deuterium contents varying between approximately zero (0.014 
mole %)and about 6 mole% (Fig. 5.22). Under these conditions,drops 
of samples containing much more deuterium than about 6 mole % fall 
too quickly for precise work. The rate of fall of a sample of water of 
a given deuterium content can be changed by varying the drop size or 
the temperature of the falling medium. The effect of temperature is 
predictable from the difference in the coefficients of thermal expan- 
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sion of the o-fluorotoluene and water.* Thus, by varying the size of 
the drop and then adjusting the temperature, the range may be ex¬ 
tended to about 12 mole %. 52 A change in range, however, is accom¬ 
panied by a change in sensitivity. For example, the falling time of 
the drop may be decreased by increasing the drop size and then be 
readjusted by decreasing the temperature. The result is that there 
has thus been obtained the same falling time as before the change but 
with a smaller density difference between the drop and the medium. 
This means an increased sensitivity and a decreased working range. 
Wright, 46 using a drop of 10 cu mm at 26.75°C, had a working range 
of about 1 mole %. With this apparatus, a sample of water containing 
0.1 mole % deuterium had a falling time of 140 sec. Over 15 cm of 
distilled water containing about 0.014 mole % deuterium had a falling 
time of 190 sec. 


In analyzing samples of heavy water containing very little protium, 

it is advisable to change the dropping medium. McKown 53 used ethyl 

anisate instead of o-fluorotoluene as the water-immiscible medium. 

With this liquid at a temperature of about 28.7°C, a drop of 10 cu mm 

of pure deuterium oxide falls 15 cm in about 60 sec. A stop clock that 

can be read to about 0.2 sec is sufficiently accurate for timing this 
falling rate. 

The apparatus used by McKown was similar in many respects to 
that shown in Fig. 5.25. It was calibrated with heavy-water samples 
analyzed for their deuterium content by means of the pycnometer. A 
typical calibration curve is shown in Fig. 5.28. Although the calibra¬ 
tion curve was found to change very little over a period of a month, 

the curve was checked from time to time by the use of standard 
water • 

Since during analysis a sample is exposed to air for a short period 
me, e question arose as to whether the exposure would result 

MHm Ser f° US h dllUti ° n ° f 0,6 heav y- water sample. A few simple ex¬ 
periments showed that, with the usual precautions being taken, no 

detectable dilution of the sample should occur during the dropping 

procedure. The falling-drop method of analysis has been used ex- 

r!es »» y JV h f u C ° lumbia Univers ity laboratories, Esso laborato- 
™ ' “ d the labora tories at Trail, British Columbia. The design 

and ° peration of ^ filing-drop apparatus at the EsTo 
laboratories were carried out under the direction of Walden.” 





344 


PHYSICAL PROPERTIES AND ANALYSIS OF HEAVY WATER 


2*5 Other Density Methods . A number of other methods have been 
suggested for determining the density of water samples. A rather 
interesting method is that used by Linderstrom-Lang et al. 101 for 



Fig. 5.28 — Falling-drop calibration curve for heavy water. 


very small water samples. Only about 1 cu mm is needed for one 
determination. More than one determination is, of course, usually 
necessary for accurate work. In this method, a vertical glass tube 
(gradient tube) is filled with a heterogeneous mixture of kerosene and 
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bromobenzene, the density of which mixture varies linearly with the 
height. A drop of the water to be analyzed is added to the gradient 
tube. The drop falls through the mixture and reaches a position of 
equilibrium in which its density is that of the medium at that spot. 
The position of the drop is determined by means of a cathetometer 
and compared with the positions of drops of standard waters of known 
densities. The various precautions that have to be taken to assure 
accurate results are similar to those discussed for the falling-drop 
method. It will be recalled that, for the case of the falling-drop 
method, erratic results were obtained for the first few analyses made 
with a fresh falling medium. A similar phenomenon was observed by 
Linderstrom-Lang et al. in the gradient-tube method. It was found 
that the position of the drop changed with time. This was presumably 
due to an interaction between the drop and the medium. Even after 
the bromobenzene-kerosene mixtures had been washed with water 
and dried, a slow change in position with time was observed. Since, 
however, drops of standard waters and drops of the samples being 
analyzed were always added to the gradient tube within 5 min of each 
other, this source of error was not too important. Interestingly 
enough, after a gradient tube had been used for some time, this phe¬ 
nomenon of changing position became less pronounced. This may 
have been due to saturation of the various parts of the gradient-tube 

medium with the heavy-water mixtures which had their equilibrium 
positions there. 


The density of water samples may also be determined by various 
methods based upon the displacement principle of Archimedes, which 
states that the buoyant effect of a liquid upon an immersed solid is 
directly proportional to the weight of the liquid displaced. In these 
methods a sinker is suspended in a standard water and then in the 
solution of unknown density. The buoyant force on the sinker in the 
unknown liquid is measured relative to that of the standard water 
by some convenient device, a Westphal balance for example. This 

g i VeS the denSUy ° f the unknown solution relative to 

that of the standard. The sinker is usually suspended by a very fine 

Platinum wire. Although the surface-tension effect on this wire may 

often be neglected for ordinary work, the effect may prove to be l 

“ seri °us error when the high accuracy obtainable with some 
of the other analytical methods is desired Variations in *he» <■ 

eliminate completely the surface-tension variations, and Siese vari 
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ations remain a serious obstacle to further increases in the accuracy 

of the method. It is advisable to immerse the wire to the same depth 

in each measurement. It should be noted that the float eliminates the 

difficulties caused by the projection of the wire through the surface 
of the liquid. 

Wirth, Thompson, and Utterback 58 used a rather novel method of 
measuring small differences in the densities of various waters. In 
this method, which is based upon the use of communicating tubes, as 
described by Frivold, 57 the difference in density between two liquids 
can be determined directly from two measurements of distance. The 
apparatus used is shown in Fig. 5.29. A liquid of density d is placed 
in the left side of the apparatus, while another liquid of density d 0 
fills the right side. If AH is the difference in height of the liquid of 
density d 0 under conditions of hydrostatic equilibrium, first with A 
open and B closed and then with B open and A closed, and if height I 
remains unchanged, then 


d - d 0 AH 

do " L 



where L denotes the vertical distance between the stopcocks A and B. 
Height I is kept constant by varying height H by means of calibrated, 
silver-plated plungers (F), controlled by Starrett (The L. S. Starrett 

Co.) micrometer heads (G). The difference in height (AH) is de¬ 
termined from the micrometer readings. The constancy of I is de¬ 
termined by an ultramicrometer. The ultramicrometer consists 
essentially of a beat-frequency oscillator; the frequency of one of 
its two component oscillating circuits is controlled by the variable 
capacity of the condenser formed by the brass plate (C) and a piece 
of aluminum foil on the water surface in P. The position of this liquid 
surface is determined by a comparison of the beat frequency of the 
oscillator with the frequency of an electrically driven tuning fork by 
the method of audible beats. With this instrument, a change of less 
than 1 x 10“ 8 cm in height I can be detected when the distance between 
the plate and liquid surface is about 0.05 cm. 

The covers to the arms P and R were designed to prevent evapora¬ 
tion from the liquids. A tube (N) connects the two arms so that the 
same pressure is exerted on both liquid surfaces. The apparatus is 
kept in an air bath at 25 ± 0.02°C. It is further insulated so that the 
temperature of the vertical tubes remains constant to within ±0.001 °C 
after temperature equilibrium has been attained. Although the appa¬ 
ratus as designed is sensitive to density differences of 0.01 y, it 
should be remembered that a variation of ±0.001°C in temperature 
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results in a variation of 0.26 y in the density of water at 25°C and 
that a difference of this magnitude in the temperature of the two 
liquids being compared in the two arms of the apparatus may lead to 
an error of 0.26 y in d - d 0 . 



Fig. 5.29—Apparatus for the determination of small density differences. 


r, ssc 
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water. The float, shown in Fig. 5.30, has a capillary with a fine open¬ 
ing of 0.02 mm through which the float is filled, after being evacuated, 
with the water to be analyzed. The float is then placed in a float 
chamber containing distilled water, and the pressure is varied until 
the float neither sinks nor rises. The density of the water in the float 
is calculated from the balancing pressure. 


TO PUMP ETC. 



Fig. 5.30 — Microfloat (Gilfillan and Polanyi). 


3. REFRACTOMETRIC METHOD 

3.1 Introduction. It was seen in Chap. 1, Sec. 14, that there is a 
significant difference between the index of refraction of ordinary 
water and that of deuterium oxide. The difference may be used as a 
basis for the isotopic analysis of water. Chemists have long used 
the refractometer and interferometer for measuring differences or 
changes in the index of refraction of solutions. It was found that the 
use of the ordinary forms of the refractometer is limited in that the 
change of the refractive index of aqueous solutions with temperature 
is usually such that temperature control to ±0.01°C is necessary 
in order to obtain an accuracy of only one unit in the sixth decimal 
place in the measured refractive index. The interferometer, on the 
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other hand, compares the refraction of one liquid (or gas) with that of 
another having very nearly the same composition and hence almost 
the same temperature coefficient for the index of refraction. It is for 
this reason that higher accuracy is more easily obtainable with the 
interferometer than with the refractometer, and it is the interferom¬ 
eter rather than the latter which is usually used for the isotopic anal¬ 
ysis of water by measurement of its refractive index. 



Fig. 5.31 Schematic representation of an interferometer. 


3.2 Instrument . The principle of the interferometer is quite sim¬ 
ple, and its operation is easily understood. The interferometer is 
schematically shown in Fig. 5.31. Light from a source (S) passes 
through two small openings (R, and R 2 ), and the two beams overlap as 
they fall on the screen (M). At a point (O) equidistant from R. and R, 
light waves arrive in the same phase, and a light spot or band re- 
su ts. At other points on the screen, however, the paths of the two 
earns are of different lengths, and interference may result. Thus 
a points such as X 4 or X 2 ,this path difference is exactly a half wave- 
length and a dark band results. At points such as Y. in d Y on the 
other hand the retardation is a whole wavelength, and the two beams 
of light arrive at the screen in the same phase resulting in a br gh 

Sr■- “r 

s si 
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toward the center of the system and with red on the outside. The 
bright bands still farther from the center appear successively more 
and more diffusely colored, finally fading into a uniform white. 

If, now, a transparent material is placed in the path of one beam, 
as at C, the light waves of this beam are retarded by an amount which 
depends on both the thickness and refractive index of the material. 
The optical path is therefore lengthened, and this lengthening is given 
by 


Ap = l (n - no) 



where Ap = path difference 
l = thickness 

n = refractive index of the material 
n 0 = refractive index of the surrounding medium 
Since the optical path I^O has now been effectively lengthened, the 
two beams no longer arrive in phase at O but at another point O'. 
Thus the central bright band originally at O has now been displaced 
to the point O' , which is optically equidistant from Rj and It,. It has 
been shown that, for light of wavelength X, the number of fringes (N) 
between O and O' (i.e., the displacement of O measured in fringes, 
each made up of one bright and one dark band) follows the simple 
relation 



Therefore 



t(n - n 0 ) 
X 




Consequently the product l(n — no) may be determined by counting the 
number of fringes between O and O'. It should, however, be realized 
that when a monochromatic source is used, it is impossible to differ¬ 
entiate between one fringe and another. Therefore for highly accurate 
work for which it is necessary to use monochromatic sources, white 
light is first used to locate the correct fringe, and a monochromatic 
source is then substituted to obtain accurately the displacement 

equivalent to a fractional part of a fringe. 

The simplified interferometer shown in Fig. 5.31 is too incon¬ 
venient for practical use. A much more useful arrangement is that 
first used by Rayleigh and later modified by Zeiss. This instrument 
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Fig. 5.3 2 Zeiss water interferometer, (a) Schematic 
(c) Plan drawing. 


drawing, (b) Elevation 


drawing. 


has been described in detail bv Adame; w In ; * * 

(Fi? 5 n ., . ^ Aaams. in this interferometer 

narr'ow'sHt bv T T, * tUngS ‘ en lamp < F > ls Reused on a 
reflecting prism ^kT The s mZ a’t * mlrr ° r (M) ’ and tte totaU y 
The light from this very narrow slit is^L^alTel 
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mating lens (L), and it then passes through two similar chambers 
(Ci and C 2 ) and the rectangular openings (R 1 and IL,) to the mirror 
(M), where the two beams of light are reflected back upon themselves. 
These reflected beams again passthrough the water compartment (W) 
and then through C x and C 2 ; and they are finally reunited at O by 
means of lens L, forming a series of interference fringes. These 
fringes are observed by the cylindrical ocular which gives a magnifi¬ 
cation in the horizontal direction only. One advantage of the cylindri¬ 
cal ocular is that, for a given magnification (of “B” diameters), “B” 
times more light is obtained than with an ordinary magnifier of the 
same power. Another advantage of the cylindrical lens will be noted 
later. 

Besides the two interfering beams of light already considered, 
another pair of light beams proceeds from the slit (S) in a precisely 
similar manner, except that they pass below andnot through chambers 
Cx and C 2 , likewise forming a second system of interference fringes. 
This latter set of fringes is practically fixed in position. Its sole 
purpose is to furnish a set of reference lines which takes the place of 
the cross hairs usually used as reference marks in optical instru¬ 
ments. Thus two sets of alternate bright and dark bands may be seen 
at E; these sets are separated by a narrow, horizontal, dark line. 
The width of this line is made very small by means of the auxiliary 
plate (H). Furthermore, the cylindrical eyepiece, by magnifying only 
in the horizontal direction, does not increase the apparent thickness 
of the horizontal line. 

As is to be expected, each set of fringes has only one band which is 
pure white. The bands adjacent to it are colored. It is this central 
achromatic band (or the black bands immediately adjacent to it) which 
constitutes the reference point of each system. The upper set of 
bands can be displaced relative to the lower set by tilting the movable 
inclined plate, Pj (P 2 is fixed). This is done by turning the microm¬ 
eter screw, to which a drum (D) and scale are attached. 

With the standard water in compartment C x and a heavy-water 
solution in C 2 , the upper set of bands is displaced relative to the 
lower set because of the difference between the indices of refraction 
of the two liquids. This difference is then compensated by adjusting 
the glass compensator P x , which is accomplished by turning the drum 
in the proper direction, thus bringing the upper set of fringes back to 
its original position. When an exact match is again obtained (i.e., 
when the achromatic fringe is brought to a position directly above 
that of the corresponding fringe of the fixed lower set) the drum 
reading is observed. The interpretation of this drum reading will 
now be considered. This reading must, however, be corrected for 
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the “zero reading,” i.e., the drum reading for an exact match with 
standard water in both compartments. 

A geometrical analysis of the light path as the compensator is 
changed shows that the length of the path is related by the formula 80 

Ap = ax - bx 2 (19) 

where Ap = change in light path 
x - drum reading 

a, b = constants to be determined experimentally for the instru¬ 
ment 

Since N = Ap/A, then 



bx 2 

A 


( 20 ) 


where N = change in light path as measured in fringe displacement of 

the center band 

The values for a/A and b/A may be found empirically. Using mono¬ 
chromatic light, the drum is turned, and the resulting displacement 
of the fringes from the original position is noted. The usual proce¬ 
dure has been to take drum readings for every displacement of ten 
fringes. In this way, the number of fringes per drum division (or the 
fringe width) may be obtained for the whole range of the drum. The 
data thus obtained are then fitted to the above equation. Possible 
errors due to imperfect adjustment of the screw and to backlash of 
the screw were discussed by Crist, Murphy, and Urey. 60 

In practice, white light is usually used, and an empirical correla¬ 
tion is obtained between x (or N, as calculated by substituting the 
value of x into one of the above equations) and the index of refraction, 
deuterium content, etc., of the water samples being analyzed. This 
can most easily be done by making up a series of standard solutions 
and calibrating the instrument with them. Unfortunately, when using 
white light, another phenomenon appears which can be a serious 
source of error and which must usually be guarded against. This 
phenomenon is the skipping of fringes. It arises from the fact that 
the indices of refraction of the sample, the standard, and the com¬ 
pensator are different for different wavelengths of light. This phe¬ 
nomenon of the skipping of fringes may be observed by placing stand- 
ard water in both chambers^,' and C 2 and then adding electrolyte (or 
heavy water) very slowly to one compartment. At the same time the 

* chr ° ma “ c band is ke P t in «s initial central positlo^ by 
appropriate adjustment of the compensator. Then, as the potassium 
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chloride, heavy water, etc., are added, the original achromatic band 
gradually becomes colored at the edges, while an adjacent band be¬ 
comes less strongly colored. With further increase in concentration, 
the central band becomes identical in appearance with the adjacent 
band, and finally the latter becomes achromatic while the central 
band is colored. Thus a shift of one fringe has occurred in the upper 
band. With further increase in concentration, additional shifts occur 
more or less periodically. 

The frequency of the shift can be calculated if all the necessary 
data concerning the indices of refraction are known. A method of 
calculation has been discussed by Adams. 59 This shift was found by 
Crist, Murphy, and Urey 60 to occur in their instrument every 280 
divisions for potassium chloride solutions and every 50 or so divi¬ 
sions for heavy-water solutions. Since, in making readings on a se¬ 
ries of solutions, the final setting is always made on the most nearly 
achromatic band, an error is introduced if correction is not made for 
the skipped fringes. 

3.3 Calibration . An excellent example of the method of calibrating 
a Zeiss water interferometer for use with heavy water is given by 
Crist, Murphy, and Urey. 60 In Table 5.28 are given some of their 
data on the skipping of fringes. The scale reading “x" in the first 
column gives the approximate position of the drum at which two simi¬ 
lar fringes were found; the position of the higher fringe was recorded. 
The second column gives the total number of fringes skipped. Thus 
at a reading of 135 divisions, three fringes have been skipped if the 
reading recorded is the position of the higher of the two similar 
fringes. The third column gives the width (for light of the wavelength 
A = 5890 A) of the fringes skipped in terms of scale divisions. The 
fringe widths may be obtained experimentally, or they may be calcu¬ 
lated by means of the equation relating N and x. The last column 
gives the total correction to be applied to the scale reading in order 
to compensate for the skipped fringes. Actually, however, it is prob¬ 
ably more convenient to correlate the corrected number of fringes 
rather than the corrected scale readings with the deuterium content 
of the water sample. 

Having found the position at which the skipping of fringes occurs, 
Crist, Murphy, and Urey then calibrated the instrument with heavy- 
water samples having known specific gravities. Their data are sum¬ 
marized in Table 5.29. 

It will be recalled that the number of fringes is related to the index 
of refraction by 


An 


NA 

2L 
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where L = length of cell 

An = difference in indices of refraction of the water and the 
sample 

Thus the data in the last column of Table 5.29 show that An, as de¬ 
termined by this instrument, is not proportional to AS. Furthermore, 
as may be seen from the data in Table 5.30, the ratios of the values 
of An for the same solutions in different cells are not constant. 

In view of these difficulties it is necessary to plot AS/N against N 
for each cell. A sufficient number of points should be obtained so 
that interpolation can be made with the precision desired. 


Table 5.28—Skipping of Fringes 


Scale reading 

Number of 

(x) 

fringes skipped 

35 

1 

85 

2 

135 

3 

185 

4 

240 

5 

290 

6 

545 

11 

595 

12 

650 

13 

700 

14 

750 

15 

1510 

30 

1565 

31 

1615 

32 

1665 

33 

1715 

34 

2465 

49 

2515 

50 


Fringe width 


(for A = 5890 A), 

Total correction 

scale divisions 

to scale reading 

14.63 

14.63 

14.68 

29.31 

14.74 

44.05 

14.79 

58.84 

14.85 

73.69 

14.90 

88.59 

15.19 

163.98 

15.23 

179.21 

15.30 

194.51 

15.36 

209.87 

15.41 

225.28 

16.36 

463.81 

16.43 

480.24 

16.51 

496.75 

16.58 

513.33 

16.63 

529.96 

17.71 

788.19 

17.78 

805.97 


'granapie of Use of Zeiss Water Interferome ter. The use of 
the Zeiss water interferometer for the isotopic analysis of water 
may perhaps be best understood by examination of an actual example 

(40 06°ml n ii o°“ a Universlt y distilled water in both cells 

tilled wT , ’ 'n readlng Wlth Columbla University dis¬ 

tilled water in one cell and unknown water sample in other cell i« n. 

@r 2 „r N w,a 1 ° r ,rom tte 
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N y = Ax - Bx 2 


where A = a/X 

B = b/X 

The values for both A and B are obtained empirically. 


Table 5.29 — Calibration of Interferometer at 25°C 


AS,* y x N N(corr.)t AS/N(corr.) 




Cell 

1 length = 40.06 

mm 


401 

49.0 


3.27 

2.27 

176.7 

1,334 

154.8 


10.49 

7.49 

178.1 

2,423 

289.7 


19.67 

13.67 

177.2 

4,900 

597.6 


40.14 

28.14 

174.1 

16,290 

2103.4 


133.33 

92.33 

176.4 

19,356 

2525.5 


157.54 

107.54 

180.0 



Cell 

2 length = 10.06 

mm 


1,334 

43.5 


2.90 

1.90 

702.1 

2,423 

65.5 


4.45 

3.45 

702.3 

4,900 

149.5 


10.11 

7.11 

689.1 

16,290 

498.9 


33.63 

23.63 

689.3 

19,356 

595.4 


40.00 

28.00 

691.3 

44,133 

1398.0 


91.08 

63.08 

699.6 



Cell 

3 length = 1.104 

mm 


4,900 

12.0 


0.82 

0.82 

5961 

16,290 

52.6 


3.52 

2.52 

6464 

19,356 

59.1 


3.98 

2.98 

6502 

44,133 

131.5 


8.89 

6.89 

6405 


*AS = specific gravity of the sample minus that of normal water 
at 25°C. 

tN(corr.) = N corrected for the number of skipped fringes. 


The number of fringes skipped (see Table 5.28) is 3; N(corr.) is 
7.49; AS/N(corr.) is 178.1. This value of AS/N(corr.) may be ob¬ 
tained by interpolation, either graphically or numerically, of data 
similar to that given in Table 5.29. In this particular case, the ex¬ 
perimental data coincide with one of the calibration points. ^ 

The value for AS is 1,334 y, which corresponds to a value for S 25 of 

1.001334. 

Using Eq. 5, derived in Sec. 2.3b(5), 


P" -P' = 927.35(d" -d') 
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where P' = mole per cent deuterium in the standard water 
P" = mole per cent deuterium in the unknown water 
d' = density of standard water = 0.9970741 g/ml 
d" - density of known water 
Dividing by d', 


P" - P' = 924.64 AS 


( 22 ) 


Substituting 0.001334 for AS and 0.0147 mole % for P' (Chap. 6, 
Sec. 2.3b), the unknown water sample is found to contain 1.24 8 mole % 
deuterium. 


Table 5.30 — Ratio of Values of An for the Cells 



N(corr.)l 

N(corr.)2 

AS, y 

N(corr.)2 

N(corr.)3 

1,334 

3.942 


2,423 

3.962 


4,900 

3.958 

8.648 

16,290 

3.907 

9.376 

19,356 

3.840 

9.396 

44,133 


9.155 

* 


9.000 

Measured ratio of 
the cells 

3.982 

9.11 


* Contains approximately 72 mole % deuterium. 


3,5 Source s of Error. It has previously been mentioned that one 
advantage of the interferometer is its relative insensitiveness to 
temperature changes as compared with ordinary refractometers 
However, the temperature coefficient is not zero. The Columbia 
University portable Zeiss water interferometer has a temperature 
coefficient of the scale readings (x) of 0.4 per cent per degree centi¬ 
grade at about 25°C. The water-bath temperature (W of Fig. 5 32) 
must,^ therefore, be carefully noted and all measurements corrected 
to 25 C, or whatever temperature is chosen as the standard. In 
aking even approximate measurements, time must be allowed for 
the temperature of the solutions to become uniform; otherwise the 

bands will be distorted. uuierwise the 

Several independent settings of the drum should be made on each 

omX ° h S0 , 0n - ^ 016 Case of the c °to»>Ma University interfe^ 

£2’ SCale Can be set t0 °- 5 division or about 0.03 fringe For 
highest accuracy, readings should be taken on more than one aUquot 



358 PHYSICAL PROPERTIES AND ANALYSIS OF HEAVY WATER 

of a sample. Changing of solutions can be accomplished quite easily 
by means of a pipet. It is usually advisable, if possible, to rinse the 
cell several times; filter paper can be used to absorb the few drops 
remaining in the chamber each time, except in the final rinsing. 
Other sources of error are discussed by Crist, Murphy, and Urey. 60 

3.6 Application . The Zeiss water interferometer has been used 
by Kirshenbaum 61 at Columbia University and at the Esso labora- 
tories 62 ’ 90 at Baton Rouge for the determination of the deuterium con¬ 
tent of heavy-water samples of low deuterium concentration. The 
Columbia University instrument is the portable interferometer cali¬ 
brated by Crist, Murphy, and Urey. 60 Kirshenbaum verified the cali¬ 
bration by the use of standard samples. The Baton Rouge instrument 
is a laboratory model which is larger than the portable one. This 
laboratory instrument was calibrated by the use of heavy-water 
standards prepared by quantitative dilution of almost pure deuterium 
oxide. These standards were checked by pycnometric analysis and 
cross checked by analysis on the Columbia University interferometer. 
The reproducibility of the analyses made with these two instruments 
at the two laboratories was about 0.01 to 0.02 mole % deuterium. 

(a) Purification of Samples . The samples submitted to the Colum¬ 
bia University interferometer for analysis were usually impure, 
containing organic, inorganic, and gaseous impurities. Most of these 
impurities tend to lower the apparent deuterium content, but there 
are a few substances which raise the apparent deuterium concentra¬ 
tion. Kirshenbaum reports carbon dioxide to be one of the latter type 
of impurities. All impurities must be removed before the sample is 
analyzed by the interferometer. 

Any of the purification techniques previously mentioned may be 
used here. These methods, which have already been discussed in 
more or less detail, are not all-inclusive. It is of interest, therefore, 
to examine several additional methods of purifying water samples. 
These latter methods, although originally described for the purifica¬ 
tion of samples to be analyzed by the interferometer, may presumably 
also be used in connection with some of the other analytical tech¬ 
niques enumerated in this and the preceding chapter. 

The purification method described by Kirshenbaum 81 involves the 
removal of salts and other solid impurities by distillation. Oxidiz- 
able gases, such as ammonia and volatile organic compounds, are 
decomposed and oxidized by oxygen over platinum at 825 C. To pre¬ 
vent poisoning of the platinum catalyst, impurities such as hydrogen 
sulfide are removed by formation of the nonvolatile sodium salt. 
Acid gases, including carbon dioxide, are removed by distillation in 

vacuum from alkaline permanganate. 
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The combustion apparatus and the distillation apparatus are shown 
in Figs. 5.33 and 5.34. The quartz combustion tube contains a coil of 
platinum wire which is cleaned before use by being boiled in 1 :2 HC1, 
followed by boiling several times in 1 :1 HN0 3 . Following the acid 
treatments, the coil is washed in distilled water and heated in a 



Fig. 5.33—Combustion apparatus. 


strongly oxidizing flame. After being put together, the apparatus 

must be baked out, preferably overnight, in an atmosphere of oxygen. 

Two or three samples are then passed through the apparatus before 

it is used for purification of unknown samples. When not in use, the 

combustion tube is kept, either hot or cold, under an atmosphere of 

pure oxygen. Care must be taken to minimize exposure of the com¬ 
bustion tube to the atmosphere. 


The impure sample is placed into cup A together with several 
small crystals of c.p. potassium permanganate. Usually, a small 
piece of sodium in the form of sodium capillary is also added The 
preparation of the sodium capillary is described later in this section. 

tan P Rr 2 q S / 4 ? en att ^ Ch f d to the apparatus by an ungreased standard- 
taper 29/42 ground-glass joint fitted with a mercury seal. The cup is 

surrounded by an oil bath, which is heated to about ISO'C aStt£ 

sample is distilled in an atmosphere of oxygen from A over tke oiaU 

num coil at 825«C,to a receiving flask (Bjcontaining 
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of potassium permanganate together with a short length of sodium 
capillary (approximately 10 mg of sodium for 2 g of sample). Flask B 
is kept at solid-carbon dioxide temperatures during the distillation. 

The flow of oxygen during the distillation is adjusted at the maxi¬ 
mum rate above which some of the sample would be carried past B. 



Fig. 5.34—Vacuum-distillation apparatus. 


Care also must be taken so as not to flush the sample through the 
combustion tube. The danger of doing so is small if, at the start of a 
distillation, the temperature of the oil bath is below 80°C before it is 
placed around flask A. The oxygen used by Kirshenbaum 61 was com¬ 
mercial liquid-air oxygen which was first passed over hot copper 
oxide, then through an efficient solid—carbon dioxide trap, through 
indicating drierite, and finally through ascarite. The latter was used 
to remove any carbon dioxide that might be in the oxygen. The oxy¬ 
gen-isotope content of liquid oxygen did not, as will be seen later, 
affect the results significantly. 

The ground-glass joint of the receiving flask (B) is also ungreased; 
the system is made airtight and protected from the atmosphere by 
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means of Apiezon Q wax around the outside of the joint. The distilla¬ 
tion from A to B must be complete, i.e., the entire sample must be 
distilled. At the completion of the distillation, the combustion tube 
and the distillation flasks (A and B) are evacuated, and the sample in 
B is permitted to melt slowly. Upon melting, the sample reacts with 




Fig. 5.35 Apparatus used for preparation of sodium capillaries. 


the sodium capillary. Flask B is then transferred to the vacuum 
distillation train shown in Fig. 5.34. The sample is outgassed i 
necessary, and then distilled in vacuum from B at room temperahirt 

at 0 C ' No S rease is used on the ground-glass joints 
the distillation system is made vacuumtight by means of Apiezon C 

wax. Before use, all distilling and receiving flasks are well cleaned 
rinsed with distilled water, steamed, and dried in an oven 

No hold-up of water was observed in the combustion system. Sinai 
losses were, however, found to occur in transferring the sample oi 
water from vessel to vessel. These losses do not cause any Son 
ation and do not, therefore, introduce an error in the final^swer 

matfcaUy Tn m FiV SB 6 " * 7* *" the a PP a ^atus shown sche- 
matically in Fig. 5.35. Pieces of hydrocarbon-free sodium with 
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freshly cut surfaces are placed into tube A. The system is then evac¬ 
uated, and the sodium is melted. The molten sodium flows into B, 
leaving a scum of oxide and carbonate behind in A and capillary s! 
Capillary S is sealed, and A is removed. The sodium is then boiled 
under vacuum to remove hydrogen and other gases. The solid-carbon 
dioxide trap is sealed off at V under vacuum,and the entire apparatus 
is heated with a flame. The apparatus is then inverted, and the thin- 
walled capillaries (C) are heated very carefully so as to permit the 
molten sodium to flow into them. After the apparatus has cooled and 
the sodium has solidified, the capillaries are broken off near the 
base and are kept in a well-stoppered test tube. The excess sodium 
in the apparatus may be destroyed by solution in alcohol. 

The use of sodium in the purification procedure raises the question 
of isotopic fractionation. Various laboratories 63 " 67 have reported that 
sodium (as well as other metals), when dissolved in water or dilute 
acid, liberates hydrogen with a lower deuterium content than that of 
the liquid. The separation factor 67 (Chap. 4, Sec. 6.1) for the reaction 
of sodium and water is about 2.6. Therefore the error introduced by 
using 10 mg of sodium for 2 g of sample containing about 1 mole % 
deuterium is about 0.003 mole %. For a sample containing 10 mole % 
deuterium, the error is about 0.02 mole %. Thus whether or not the 
error is significant depends upon (1) the accuracy desired, (2) the 
deuterium content of the sample, and (3) the reproducibility of the 
analytical method. 

It was previously stated that the use of liquid-air oxygen for the 
oxidation of oxidizable impurities in a water sample does not intro¬ 
duce a serious error if the water is to be analyzed by the interfer¬ 
ometer with an accuracy of about 0.01 to 0.02 mole % deuterium. 
This will now be demonstrated. It is shown in Chap. 6, Sec. 5.3, that 
atmospheric oxygen contains more O 18 than does ordinary water by 
about 0.0055 mole %. If, therefore, it is assumed that exchange takes 
place* and that the number of moles of oxygen is large as compared 
to the number of moles of water, then the purified sample will con¬ 
tain about 0.0055 mole % more O 18 than the unpurified sample.! It is 
evident that this is a conservative estimate which will permit calcu¬ 
lation of the maximum error. It is shown in Chap. 1, Sec. 14, that the 
effect of O 10 on the index of refraction at 25°C is given by 

An = 0.0008y 


*See, however, Sec. 2.3c(6). 

tThe fractionation factor at 800°C for the O' 8 exchange between water and oxygen 
is about unity. 
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where y is used to denote the increase in the mole fraction of i^O 18 . 
In this particular case y = 0.000055 and, therefore, An = 4.4 x 10~ 8 . 
When this value for An is combined with the data in Table 1.24, it is 
found that this change in refractive index is the same as that caused 
by a change of about 0.00094 mole % deuterium in the water. Conse¬ 
quently, the maximum error that can arise from an O 18 shift due to 
the use of liquid-air oxygen during the purification procedure is about 
0.00094 mole % deuterium. This maximum error is well within the 
over-all uncertainty of ±0.02 mole % claimed for the method as de¬ 
scribed. It should be realized that, if higher accuracy is desired, 
this source of possible error should (and can) be eliminated. 

Other possible sources of error have been discussed in connection 
with the various analytical and purification procedures already con¬ 
sidered and need not be repeated here. The use of grease on ground- 
glass joints in the purification apparatus should be avoided. 


The water samples received by Walden 82 for analysis usually were 
quite pure; they contained only small amounts of nonvolatile inorganic 
compounds and traces of organic matter. His purification procedure 
did not, therefore, have to be very rigorous. It consisted merely of a 
vacuum distillation (with pumping) of the sample over copper oxide * 
at 600 to 650°C, followed by one vacuum distillation in a closed sys¬ 
tem. The final distillation was stopped after about 80 per cent of the 
sample had been distilled. No soluble reagents were used. This puri¬ 
fication procedure, as can be seen from Table 5.34, was found to be 
satisfactory for water containing about 1 mole % deuterium when the 
accuracy desired was about 0.02 mole % deuterium. 

(b) Results. The reproducibility of the results obtained by Kir- 
shenbaum 81 using the Columbia University interferometer and the 
described purification procedure are shown in Table 5.31. This table 
centals the data for all samples purified and analyzed more than 
once prmr to August 1942. It is seen that, on the whole, the average 
deviations are less than the 0.01 to 0.02 mole % precision claimed 
for the method as described. This indicates that the error involved 
n deuterium analyses by means of an interferometer can be made 
low approach ng ^ 0f the lnstrument itself. Walden 82 stated that 

0i MS interferome ter is equivalent to abou! 

.005 mole % deuterium. The reproducibility of results obtained bv 
his method of purification is shown in Table 5.32. y 


iron, the copper 

compound appeared in the comb“^ n In oZeZt ^ that ’ When U ' ls 
suits were not obtained. observable amounts, reproducible re- 
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Herrick and Kirshenbaum 71 calibrated a Nier I mass spectrometer 
(Chap. 3, Sec. 2.3b) by comparison of the spectrometer readings on a 
gas sample with interferometer analysis of the water formed by com¬ 
bustion of the sample over copper oxide. The apparatus used for 


Table 5.31—Reproducibility of Results 


Sample 

Deuterium, mole % 


1st aliquot 

2d aliquot 

3d 

aliquot 

Average 

deviation* 

1st puri¬ 
fication 

2d puri¬ 
fication 

1st puri¬ 
fication 

2d puri¬ 
fication 

1 

2.60 


2.57 

2.60 


0.01 3 

2 

0.56 





0.02 o 

3 

1.34 

1.32t 




0.01 o 

4 

0.62 

0.57 




0.02 5 

5 

0.58 


0.58 



0.00 o 

6 

0.19 


0.20 



0.00 5 

7 

0.69 


0.68 



0.00 5 

8 

0.16 

0.14 

0.19 

0.16 


0.01 2 

9 

0.87 


0.88 



0.00 5 

10 

4.54 

4.53 




O.OO5 

11 



2.04 



0.02s 

12 

1.46 

1.47 




0.00s 

13 

3.04 


3.04 


3.04 

o.oo, 

14 

0.62 


0.60 



O.Olo 

15 

6.10t 


6.20 


6.22§ 

O.Olo 

16 

0.58 


0.58 



O.OOo 

17 

0.52 


0.52 



O.OOo 

18 

0.46 


0.46 



O.OOo 

19 

0.23 


0.24 



0.00s 

20 

3.07 


3.03 



0.02o 






Av. 

±0.008 


*Average deviation = a.d. = Zd/n, where n is the number of values averaged and d is 
the deviation of an observed value from the mean. 
tMerely redistilled under vacuum. 
tNot included in average. 

§ Analyzed by dilution, i.e., the sample was diluted quantitatively, purified, and then 
analyzed. 


preparation of samples is shown in Fig. 5.36. Hydrogen gas contain¬ 
ing about 8 per cent HD was generated by saturating normal hydrogen 
gas with heavy-water vapor and passing the mixture over a catalyst 
(Chap. 2, Sec. 2.2b). This enriched gas was then stored in two 5-liter 
storage bulbs and used as required. Samples of various deuterium 
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compositions were made by dilution of this enriched gas with tank 
hydrogen. Two other 5-liter bulbs were so arranged that the gas 
mixture of tank and enriched hydrogen could be placed in one of them 
under a head of water of about 4 ft and then be forced out under this 


Table 5.32—Reproducibility of Results* 


Sample 

• 


Deuterium 

, mole % 



1st aliquot 

9H 

Average 

deviationt 

1st puri¬ 
fication 

2d puri¬ 
fication 

3d puri¬ 
fication 

C Q 

aliquot 

47 

0.381 



0.481 

0.051 

50 

0.541 



0.311 

0.121 

54 

0.76 



0.78 

0.01 o 

56 

0.54 



0.53 

0.00 5 

57 

0.66 

0.70 



0.02 0 

59 

0.441 



0.561 

0.061 

67 

0.751 



1.261 

0.261 

74 

0.75 



0.72 

0.01 5 

101 

0.6151 

0.03 

0.07 


0.02„ 

119 

0.58 



0.54 

0.02 o 

126 

0.65 



0.71 

0.03 o 

152 

0.80 

0.80 



0.00n 

156 

0.80 

0.79 



0.00. 

158 

0.50 



0.49 

0.00 5 

159 

0.69 

0.64 

0.69 


0.02, 

160 

168 

0.63 

0.80 

0.80 


0.65 

o.oi 0 

n (in 

106 

0.95 

0.95 



U.UUq 

n on 

107 

0.98 

0.93 

0.96 


0 01 

117 

145 

0.84 

0.21 

0.23 


0.82 

VtUi y 
0.01 0 
0.01 o 






Av. ±0.01, 


*This table Includes only data obtained up to the end of June 1942 
TSee Table 5.31 for definition. 
tNot included in the average. 


pressure over a glowing nickel spiral, through a gas-sampling tube 
and into a copper oxide furnace heated to 450 to 525°C. The^ot nickel 

eSr: h neCeSSary f ° r eqUilibraU ^ the gas mixture t„ order to 

tablish the proper equilibrium proportions of H 2 HD and D Tt 
was found that the copper oxide furnaces could beu^ed tor aboS’six 

Th. formed by the eombuetion of tt, e qM l,b ra ttd'L„ s 
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after purification, analyzed by means of the interferometer. A gas 
sample taken during the experiment (of the same composition as the 
gas being burned) was analyzed on the Nier I mass spectrometer. 
The data obtained are summarized in Table 5.33. The calibration 
curve is given in Fig. 3.18. 

Experiment showed that there was no carry-over of heavy material 
from one experiment to the next as far as the storage and compres- 


HD STORAGE BULBS 



Fig. 5.36—Apparatus for preparation of comparison samples. 


sion system was concerned. The copper oxide furnace was, more¬ 
over, always well baked and pumped before use. This minimized 
dilution either by normal water in the copper oxide or by hold-up 
from the previous sample. 

Walden 82 compared the results obtained with several different pur¬ 
ification techniques. The purification procedures tested were as 

follows : 

1. Two vacuum distillations in a closed system. 
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2. Two vacuum distillations in a closed system, with potassium 
permanganate and sodium hydroxide added to sample. 

3. Distillation over copper oxide in a silica tube at 700 to 800°C, 
with continuous pumping, followed by two vacuum distillations in a 
closed system. Chromic trioxide was added to the sample. Metallic 
sodium was added to the first condensate. 


Table 5.33—Calibration of a Mass Spectrometer by Means of the Interferometer 



Spectrometer 

reading, 

arbitrary 

• 

Deuterium, mole % (interferometer) 

Sample 

units 

1st purification 

2d purification 

1 

0.14 

0.12 


2 

0.29 

0.30 


3 

0.46 

0.56 

0.52 

15 

0.69 

0.89 


14 

1.03 

1.34 

1.32 

lie 

1.36 

1.82 


13 

1.52 

2.01 


12 

2.27 

3.02 



4. Distillation over copper oxide in a Corning Glass Works No. 172 
glass combustion tube (Fig. 5.37) at 600 to 650°C, with continuous 
pumping, followed by one vacuum distillation in a closed system. 
Final distillation was stopped when about 80 per cent of the sample 
was distilled. No soluble reagents were used. 


The results obtained using these purification methods on aliquots 

of a seemingly unusually dirty and discolored sample are summa¬ 
rized in Table 5.34. 

The accuracy obtainable with the interferometer when doing very 
precise work may be seen from the data of Hall and Jones, 18 as sum¬ 
marized in Table 5.35. These workers compared the results obtained 
by means of the interferometer with those obtained by means of the 

Table '5 ,, rV SeC ' 2 ' 3e) - The lnterferom eter results are giveVjn 
Table 5.35 in terms of density difference between the sample and 

deuterium-free standard water. The interferometer used in thfs work 

was sensitive o refractive-index differences of about 2 x fo- unit 

J' ggmplet e Isotopic Analysis . In the discussion so far-it has 
b assumed that the effect of changes in the 0‘ 8 cwl. 
index of refraction of water may be neglected This h UP ° n ** 

nr; i,sh ss 

£•££1 >“> considered b,,*.! 

Luten, Brodskn and coworkers,-.- and others. The method of 
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complete isotopic analysis (i.e., the determination of both the deute¬ 
rium and O 18 contents of the sample) used by these workers consisted 
in determining the density and index of refraction of the sample rela¬ 
tive to those of a standard. From the values for these two physical 
properties, the deuterium and O 18 contents of the sample relative to 


TO PUMPS 



TO AIR 


Fig. 5.37—Purification train. 


the isotopic content of a standard can easily be calculated. In the 

exposition of the method which follows, 

x = excess of the mole (or atom) fraction of deuterium in sam¬ 
ple over that in standard 

y = excess of the mole (or atom) fraction of O 18 in sample over 
that in standard 

Ad = excess density of sample over that of standard 
Ad x = excess density (due to deuterium excess) of sample over 
that of standard 

Ad y = excess density (due to O 18 excess) of sample over that of 
• standard 

An = difference in index of refraction between sample and stand¬ 
ard * 

An x = difference (due to deuterium excess) in index of refraction 

between sample and standard 

An y = difference (due to O 18 excess) in index of refraction between 
sample and standard 
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Table 5.34 — Comparison of Purification Procedure 


Purification 

Interferometer 

Indicated deuterium. 

procedure 

reading 

mole % 

No purification 

1 

79.8 

128.8 

0.93 

2 

126.7 

0.91 

3 

125.9 

0.90 

4 

125.9 

0.90 


Table 5.35—Comparison of Interferometer and Magnetic-float Analyses 


Density difference from standard, y 


Sample 

Magnetic float 

Interferometer 

Difference 

na 

15.0 

15.2 

+0.2 

m> 

16.0 

15.7 

-0.3 

nc 

16.6 

15.9 

-0.7 

lid 

16.5 

15.9 

-0.6 


It is assumed that 

Ad = Ad x + Ad y 
An = An x + An y 

From the formulas derived in Chap. 1, Sec. 3.4, it is seen that, 

for samples that do not differ too greatly in deuterium content, the 
following holds true: 


x = 9.2735 Ad x at 25°C 


or 

Ad x = 0.1078x 

Since H 2 O l8 has the same molecular weight as has D a O, it has been 
assumed that 

Ad y = 0.1078y 

Therefore at 25°C, 


Ad = 0.1078(x + y) 


(23) 
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A corresponding equation may be derived for any other temperature. 

From the data in Chap. 1, Sec. 14, it may be written, as a close ap¬ 
proximation, that 


An = -0.00469x + 0.0007y 

for the yellow He line (A = 5876 A) at 20°C. Therefore 

x = 1.204 Ad - 185.7 An 
y = 8.070 Ad + 185.7 An 



(25) 

(26) 


Table 5.36 — Accuracy of Isotopic Analysis by Interferometer and Float 



Ad,* 

y 

Ad x ,t y 

Ad y ,t 

y 

Sample 

Calc. 

Obs. 

Calc. 

Obs. 

Calc. 

Obs. 

1 

+3.1 

+3.1 

0 

+0.4 

+3.1 

+2.7 

2 

+6.1 

+5.7 

+3.0 

+1.8 

+3.1 

+3.9 

3 

-2.6 

-2.9 

-2.6 

-3.9 

0 

+1.0 • 


*Ad = total increase in density over standard. 

tAd x and Ad y = fraction of increase in density due to deuterium and 
O 18 , respectively. 


Equations similar to these were used by Brodskii and coworkers to 
obtain the data discussed in various sections of Chap. 6. 

Vacuum distillation and degassing of samples before analysis may 
be a source of serious error. Degassing of water diminishes the 
refractive index by about 8 x 10" 7 . On contact with air in the inter¬ 
ferometer cell, the water is almost completely resaturated in about 
1 hr. 88 This resaturation process is, however, considerably slower 
in the narrow float chamber used in the density measurements. As a 
result, the degassing of water before analysis can lead to differences 
in the density and refractive index of water, differences which are 
difficult to control. On the other hand, water freshly distilled in 
contact with air gives, from the first, quite stable and reproducible 
readings. The water sample can, of course, also be distilled in vac¬ 
uum and then saturated with air before analysis. 

An estimate of the errors involved in a complete isotopic analysis 
using both interferometer and float may be had from the data in 
Table 5.36. The three water samples were made up synthetically 
with known deuterium and O 18 contents. The values for Ad x and Ad y 
were calculated from the density and index-of-refraction readings. 88 
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4. OTHER ANALYTICAL METHODS 

An interesting assortment of other analytical methods has been 
proposed for the determination of* the deuterium content of water. 
Some of these methods have been used with more or less success. 

4.1 Thermal-conductivity Method . A micro thermal-conductivity 
method developed for the determination of the ratio of orthohydrogen 
to parahydrogen has been applied by Farkas and Farkas 72 ’ 73 to the 
estimation of deuterium in gaseous hydrogen. The method is based 
upon the difference in the specific heats of the three types of gas 
molecules, H 2 , HD, and D* The apparatus is calibrated by the use of 
samples of hydrogen containing known amounts of deuterium. These 
standard samples may be prepared either by equilibration of gaseous 
hydrogen with water of known deuterium content or by quantitative 
mixing of hydrogen and deuterium gas and equilibration of the mix¬ 
ture over a hot nickel wire. 

Only about 2 to 3 cu mm of gas at 25°C and 1 atm pressure (NTP) 
is required for an analysis. This method can, however, be used only 
if the deuterium content of the gas sample 83 is not less than about 
1 mole %. The accuracy of this method is about ±0.1 mole % deute¬ 
rium. Farkas and Farkas used a pressure of about 0.05 mm Hg in 
their apparatus for measurement. Newell, Purcell, Gregory, and 
Ellingham, 74 however, reported that they found it necessary to use a 
pressure of 10 cm Hg with a total gas sample of about 10 ml (NTP) in 
order to get an accuracy of ±0.1 mole %. Though the micro thermal- 
conductivity method has been used successfully by a large number of 
workers, 74 " 82 it is generally agreed that the experimental difficulties 
involved are considerable. 

The relative proportions of protium and deuterium in water may 
also be determined by use of the difference in thermal conductivity 
between the vapors of H^O and D 2 0 in equilibrium with the corre¬ 
sponding ices at a constant temperature. The method and apparatus 
are described by Cleno and Swan. 91 

4 - 2 Spectroscopic Methods . The first quantitative estimation of 
deuterium was made spectroscopically by Urey, Brickwedde, and 
Murphy, 87 who estimated the deuterium content of their gas sample 
by comparing the intensities of the 0 and y lines of the Balmer spec¬ 
trum. As was pointed out at the beginning of Chap. 3, however, this 
spectroscopic method is not very accurate, and it can be used only if 

a suitable spectrograph of high dispersion (about 1 A per millimeter) 
is available. 

A spectrographic method of analysis covering the range 1 to 99 
mole % deuterium has been developed by Tomkins and Fred. 92 This 
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method is based upon the measurement of relative intensities of the 
lines Ho? and Da in spectra obtained from a high-frequency elec¬ 
trodeless discharge at low pressure. Analysis is made directly upon 
the water sample. A 0.1-ml sample is frozen in an ice-HCl mixture 
and then evacuated, and the vapor is allowed to flow from the sample 
to a solid carbon dioxide-acetone cooled trap. Discharge is excited 
in that vapor by the high-frequency field of a coil wrapped around 
the discharge tube. The oscillator uses a conventional self-excited 
Hartley circuit with 300 watts input and operates at a frequency of 
about 30 megacycles. The lines are photographed using a Baird spec¬ 
trograph with a step sector. The ratio of intensities of the lines (Ha 
and Da) is measured, and the deuterium content is determined with 
the aid of curves plotted from data for known mixtures. 

Infrared and ultraviolet absorption have been used by Taylor and 
coworkers for analyzing various isotopic mixtures. They have, for 
example, successfully analyzed a mixture of deuteromethanes, ob¬ 
taining the composition of the mixture to within 1 or 2 per cent for 
each isotopic constituent. 84 They have also used ultraviolet absorp¬ 
tion for semiquantitative analysis of a mixture of ammonia and deu- 
teroammonias 85 and of a mixture of benzene and deuterobenzene. 86 
An infrared-absorption method has been used for the analysis of 
deuterium in DC1-HC1 mixtures by Kistiakowsky and Tichenor. 94 In 
general, however, the use of spectroscopic methods for the analysis 
of heavy water or other deuterium compounds has few advantages 
over the other available methods. There are times, however, when 
a spectroscopic method may perhaps be used to advantage, as, for 
example, when the isotopic composition of the vapor above a solution 
is desired. 

4.3 Conclusion . In general, it is possible to use the difference in 
any property of light and heavy water or of hydrogen and deuterium 
as the basis for a method of isotopic analysis. The difference must, 
of course, be sufficiently large for convenient measurement, and the 
precision of measurement must be sufficiently great for the desired 
analytical accuracy. It is possible, for example, to compare the neu¬ 
tron absorption of a specially purified sample of heavy water with the 
absorption of a standard sample. 93 Bryson 95 suggested the use of 
ultrasonic waves as a possible means of indicating the hydrogen con¬ 
tent of D z O. This suggestion is based upon the fact that the transmis¬ 
sion of ultrasonic waves is affected by the medium through which 
they are passed. The analysis could be performed on the water either 
as a liquid or as a gas. The method has not, however, been tested. 98 

Other methods which have been used for the determination of deu¬ 
terium are the freezing point differences, 97 ’ 102 viscosity differences, 98 
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vapor pressure ratios," and differences in potential between hydro¬ 
gen and deuterium electrodes. 100 
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Chapter 6 


NATURAL ABUNDANCE OF HYDROGEN AND OXYGEN ISOTOPES 

* 


1. INTRODUCTION 

One of the many interesting problems which arose when deuterium 
was discovered concerned the abundance and distribution of the hy¬ 
drogen isotopes, particularly in natural waters. This problem of de¬ 
termining accurately the natural abundance of deuterium has been 
most intriguing and has taxed the ingenuity and skill of even the best 
experimentalists. Numerous laboratories have investigated this prob¬ 
lem, using a variety of experimental techniques. Unfortunately, the 
various pitfalls involved were not always quite fully appreciated. 
This has resulted in much conflicting data in the literature and, as a 
consequence, much duplication of work. 

One source of error common to most of the methods used for de¬ 
termining the natural abundance of deuterium was the difficulty in 
adequately purifying water without altering its isotopic composition. 
This was pointed out in 1935 by Christiansen, Crabtree, and Laby 13 
and later confirmed by Greene and Voskuyl, 1 who found it necessary 
to use a specially designed still for their purifications and to control 
with great care the distillation of the waters being purified in order 
to avoid serious error through isotopic fractionation. Apparently, 
many investigators did not take adequate precautions to avoid errors 
arising from the fractional separation of the isotopic forms of water 
during the distillations required for purification of the water samples 
being analyzed. Even Swartout and Dole, 2 for example, in their very 
careful work, estimated a possible error of 0.25 y * (0.00023 mole % 
deuterium) due to fractionation during purification. 

Most of the work in the literature on the determination of the abun¬ 
dance of deuterium in water is based upon a density method. Deute- 


‘Gamma (y) is defined in terms of density: 1 y is equal to 1 ppm in density units 
and is equivalent to 0.000927 mole % deuterium. 
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rium-free water is first prepared. This is usually done by fractional 
electrolysis of water, followed by burning of the protium under con¬ 
trolled conditions. The density of this water is then compared by a 
very sensitive method, as for example, by the temperature-float or 
pressure-float method, with that of the water being studied. The deu¬ 
terium content of this water can then be readily calculated from the 
observed difference in densities. Since, however, a variation in O 10 
content affects the density of the water (Chap. 1), it is necessary that 
the oxygen-isotope content of the deuterium-free water shall not dif¬ 
fer significantly from that of the water with which it is being com¬ 
pared. Although this fact has been recognized by many of the experi¬ 
mentalists, not all have understood fully the numerous errors that 

may arise in the process of obtaining oxygen with the same O 18 con¬ 
tent as the water sample being studied and the errors that may arise 
in the combustion of the protium with this oxygen. Even in those 
cases in which the various pitfalls have been appreciated, the dif¬ 
ficulties involved were at times not completely overcome. It might 
be noted at this point that one of the best methods of preparing deu¬ 
terium-free water (protium oxide) of the same O 18 content as that of 
the water to be studied is that used by Swartout and Dole. 2 This 
method consisted in continuously equilibrating a sample of the water 
to be analyzed with protium gas, formed by repeated fractional elec¬ 
trolysis of water, until the density of the sample was reduced to a 
constant minimum value. In this way, all the deuterium in the water 
was removed. Since the exchange did not affect the isotopic composi¬ 
tion of the oxygen in the water, the equilibrated water was deuterium- 
free and, at the same time, had exactly the same oxygen-isotope 
content as the water with which it was compared by means of the 
temperature float. This method of preparing deuterium-free water is 
presumably free of errors in isotopic content or uncertainties inher¬ 
ent in the usual method of preparing a deuterium-free standard. 

There are, of course, many other serious sources of error, such 
as dilution of the deuterium-free water during combustion, purifica¬ 
tion, etc. These errors are usually anticipated and, presumably, 
eliminated by good experimentalists. Nevertheless, perhaps as a re¬ 
sult of all these uncertainties, the data in the literature are not con- 
sis ent. Greene and Voskuyl, 1 for example, determined the densities 
o he normal waters used by various laboratories in their studies 

Tabl U g ^ anCG ' The results of ^is comparative study are shown in 


Cambridge, Mass., tap water was used as the standard in this work. 

e pressure float was used for the comparisons, and the experi¬ 
mental error was about 0.15 y. 
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As may be seen from the data in Table 6.1, all the samples of tap 
water have the same density within experimental error. Assuming 
that it is unlikely that the hydrogen- and oxygen-isotope ratios will 
compensate each other in waters of widely differing isotopic ratios 


Table 6.1 —Densities of Natural Waters from Various Sources 


Source of water 

Density, 

Cambridge, Mass., 

0.00 

tap water 

Osaka, Japan, 

0.09t 

tap water 

London, England, 

0.13 

tap water 

Columbus, Ohio, 

0.02 

tap water 

Washington, D. C., 

-0.15 

tap water 

Lake Mendota, 

0.77t 

Madison, Wis. 

Lake Michigan 

0.61 


•Density of subject water minus that of Cambridge, Mass., 
tap water. 

tT. Titani and N. Morita 14 found a difference of 0.2 ± 0.2 V. 
t Alexander and Hall 38 found Lake Mendota water to be lighter 
by ±0.15 y than that from Lake Michigan. Hall and Jones 4 found 
the water from Lake Mendota to be lighter than Lake Michigan 
water by 0.3 y. 


in such a way as to result in the same densities for these various 
waters, it may be concluded that these tap waters probably have the 
same isotopic ratios within a few tenths of 1 y.* As a matter of fact, 
Greene and Voskuyl further concluded from these data that composite 
samples of water, such as these tap waters, collected in the temper¬ 
ate zone and not subjected to extensive evaporation may be expected 
to have the same density within a few tenths of 1 y. From this it may 
be inferred that all these waters should have the same deuterium 
content within a few tenths of 1 y, i.e., within a few ten-thousandths 
of 1 mole % deuterium. It will be shown later that this is probably 
the case. 

Both of the fresh-water-lake samples (Table 6.1) are heavier by 
0.6 to 0.77 y than the tap waters. This small difference may be due 


*See, however, Sec. 5.3, especially Table 6.16. 
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to evaporation from the lakes; consequently, only a part of this dif¬ 
ference may be due to a difference in deuterium content.* Thus it 
may be concluded that all these waters should, when compared with 
deuterium-free water of the same oxygen content, show the same 
density difference within a few tenths of 1 y; i.e., the density of the 
normal water minus that of deuterium-free water should be about the 
same for all these waters. Table 6.2 gives the results obtained by a 
number of investigators. 

It is evident that these results are inconsistent with the conclusions 
reached in the last few paragraphs. Since there was good reason to 
believe that the inconsistency lay in the experimental data in Table 
6.2 and not in the conclusions drawn from the results summarized in 
Table 6.1, Kirshenbaum, Graff, and Forstat 16 determined the deu¬ 
terium content of various natural waters using a new method—a 
method independent of the oxygen-isotope ratio of the water. Before 
discussing their work in detail it may be well to record, for future 
reference, the results of previous determinations of the abundance of 
deuterium in normal water and briefly to evaluate the data. The re¬ 
sults to be discussed are summarized in Table 6.3. 


Of these data, the values of 15.5 and 15.4 y by Dole and coworkers 
and 16.0 ± 0.3 y by Greene and Voskuylt seem best. In these investi¬ 
gations, the difficulties due to oxygen-isotope fractionation on elec¬ 
trolysis were recognized and avoided. Unfortunately, isotopic frac¬ 
tionation during purification was not completely appreciated in the 


course of the experimental work of Dole et al. Their results may, 
according to Dole, 2 be too low by 0.25 y (0.00023 mole % deuterium). 
The importance of being careful of the oxygen content of the waters 
being studied by density methods was also appreciated by Johnston, 5 
Morita and Titani, 9 Hall and Jones, 4 and Tronstad et al. 6 « 7 The value 
of Johnston is the result of extrapolation, and this perhaps limits its 
reliability. Gabbard and Dole reextrapolated Johnston’s data and ob¬ 
tained a value of 15.9 y. The results of Hall and Jones are based upon 
experimental work in which the oxygen content in the water was nor¬ 
malized by equilibration with carbon dioxide. This procedure neces¬ 
sitated extra handling and purification of the waters, which involved 
the danger of fractionation or contamination. Therefore their results 

may be somewhat uncertain. This conclusion is in substantial agree¬ 
ment with that of Dole and coworkers. 


Sec'T " St * 016 dl “ erenCe ‘ S due t0 ° 1 ' concentration daring evaporation; see 
JZSSXRZT 01 016 by are su mm arlaed In 
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It is difficult to evaluate properly the reliability of the Tronstad 
values of 18.5 and 20 y. The 20 y is a later value than the 18.5 y and 
therefore presumably was given more weight by Tronstad. The pre¬ 
cision of this value, obtained by means of a pycnometer, is ±1 y, as 


Table 6.2 — Literature Data on the Deuterium Content of Various Waters 


Water 

Density, V 

Lake Michigan 

15.5 


15.4 

Lake Mendota, 

16.5 

Madison, Wis. 


Columbus, Ohio, 

18.3 

tap water 


Osaka, Japan, 

17.1 

tap water 


Rjukan, Norway, 

18.5 

distilled water 



20.0 

London, England, 

12.0 

tap water 


Cambridge, Mass., 

16.0 

tap water 



Investigators Reference 

Swartout and Dole 2 

Gabbard and Dole 3 

Hall and Jones 4 

Johnston 5 

Morita and Titani 9 

Tronstad, Nordhagen, 6 

and Brun 

Tronstad and Brun 7 

Ingold, Ingold, Whitaker, 10 

and Whytlaw-Gray 

Greene and Voskuyl 15, 60 


compared with the uncertainty of 0.1 to 0.3 y obtainable with a float. 
It is pertinent to note that the 20 y was obtained by Tronstad and 
Brun in the course of their work on the determination of the specific 
gravity of D 2 0. The value of 1.10764 reported by them for the spe¬ 
cific gravity is lower than the presently accepted value of 1.10775. 
Since this is so, too much weight should not be given to the Tronstad 
values for the deuterium content of the Rjukan, Norway, distilled 
water. Although it is possible that the Norwegian water has a much 
higher deuterium content than other normal waters, Green and Vos¬ 
kuyl 1 found that the density of the Rjukan distilled water, used by 
Tronstad et al. in their work, is 3.12 y less than that of the Cam¬ 
bridge, Mass., tap water. Assuming that the density of normal water, 
such as Columbia University distilled water, is 15.8 y greater than 
deuterium-free water of the same oxygen content (see Secs. 2 and 5), 
then the Norwegian water must be lighter in O 10 content by about 6 to 
7.3 y (approximately 0.005 to 0.006 mole % deuterium) if the latter 
has a higher deuterium content than normal. It will be shown later 

that this is not too likely. 

It is also difficult to explain the high value (17.1 y ) reported by 
Morita and Titani. The values reported by Christiansen et al. and 
Ingold et al. should merely be considered as preliminary data. Ingo 
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and coworkers stated that their value should be considered only as a 
lower limit. Christiansen et al. reported, “We find that the ratio 
cannot be determined with precision because of the difficulty of puri¬ 
fying natural water without changing its density.” The data given in 


Table 6.3—Deuterium Content of Normal Water 


Standard water 

Density, y 

Mole % D 

Investigators 

Reference 

Lake Michigan 

15,5 

0.0144 

Swartout and Dole 

2 


15.4 

0.0143 

Gabbard and Dole 

3 

Lake Mendota, 

16.5 

0.0153 

Hall and Jones 

4 

Madison, Wis. 

Columbus, Ohio, 

18.3 

0.0170 

Johnston 

5 

tap water 

Rjukan, Norway, 

18.5 

0.0172 

Tronstad, Nordhagen, 

6 

distilled water 

20.0 

0.0185 

and Brun 

Tronstad and Brun 

7 

Osaka, Japan, 

17.1 

0.0159 

Morita and Titani 

8. 9 

tap water 

London, England, 

12.0 

0.0111 

Ingold, Ingold, Whitaker, 

10 

tap water 

Oxford, England, 


0.0161 

and Whytlaw-Gray 
Edwards, Bell, and 

11 

tap water 

Berkeley, CalLf., 


0.0154 

Wolfenden 

Lewis and MacDonald 

12 

tap water 

Melbourne, Australia, 

12.7 

0.0118 

Christiansen, Crabtree, 

13 

rain water 

Atlantic Ocean 

4 _ — 

15.7 

0.0146 

and Laby 

Swartout and Dole 

7 

(45 miles east of 

Cape Ann, Mass.) 

Cambridge, Mass,, 

17.1 

0.0159 

Morita and Titani 

Q 

tap water 


16.0 

0.0149 

Greene and Voskuyl 

15, 60 


£urnished by Edwards, Bell, and Wolfenden and by Lewis 
and MacDonald were obtained by measuring the rate at which deute- 

;; “ rated electrolysis. This method is probably not 
very reliable since it presupposes a knowledge of the electrolvtir 
separation factor and requires, for accurate results 7 tha t f ac to 
no vary beyond fairly narrow limits. Averaging the t™ mosT reUable 
results, namely, that of Dole and coworkers nr»H thaf nt r* 

^ iS ° btained aS the ^-ce in ensf 
normal fresh water and deuterium-free water of Y etWeen 


*See the discussion in Sec. 3.3. 
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2. DEUTERIUM CONTENT OF COLUMBIA UNIVERSITY 

DISTILLED WATER 

2.1 Introduction . In 1933, Bleakney and Gould 19 used the mass 
spectrometer to measure the deuterium content of rain water. Sam¬ 
ples of rain water collected at Princeton, N. J., were decomposed 
by passage back and forth over iron filings heated to 510°C. The 
hydrogen gas formed was analyzed for its isotopic content on a mass 
spectrometer. The first fraction of hydrogen to be liberated from a 
particular sample of the water yielded a value of 0.015 4 mole % deu¬ 
terium (equivalent to 16. e y), while the last fraction yielded a value of 
0.022 z mole % deuterium (24 y). Another sample, decomposed com¬ 
pletely, showed a value of 0.020 0 mole % deuterium (21. 5 r). These 
results can be considered to be only approximate since they were ob¬ 
tained long before the numerous difficulties involved in the prepara¬ 
tion of hydrogen from water without isotopic change were fully under¬ 
stood. Moreover, Bleakney and Gould used their mass spectrometer 
as an absolute instrument and, as has been seen in Chap. 3, this may 
introduce a large number of uncertainties. Nevertheless, the use of a 
mass spectrometer for deuterium-abundance work has the advantage 
that there need be no concern for the oxygen-isotope content of the 
water. It is in this respect that the method first used by Bleakney and 
Gould is superior to the other methods used. This advantage is also 
shared by the spectroscopic method used by Urey and coworkers. 17,18 
But the mass-spectrometer method is, at the present time, capable 
of much higher precision than are the spectroscopic procedures. 
Kirshenbaum, Graff, and Forstat used the mass spectrometer in their 
work. However, they used the instrument on a relative basis. They 
prepared standards with deuterium contents approximating those of 
the waters to be analyzed and compared unknowns with standards by 
means of the mass spectrometer. They were thus able to avoid the 
pitfalls involved in the density work, and at the same time they ob¬ 
tained a precision of about 0.0002 mole % deuterium (approximately 

0.2 y). 

2.2 Preparation of Standards , (a) Preparation of Deuterium-free 
Water . The deuterium-free water was prepared by repeated frac¬ 
tional electrolysis. In the first stage of this process, Columbia Uni¬ 
versity distilled water was acidified with sulfuric acid and electro¬ 
lyzed in the glass apparatus shown in Fig. 1.2. The deuterium-poor 
hydrogen gas was burned with tank oxygen to form water, with only 
the first 10 per cent of the off-gas being collected as water. This 
was repeated several times until 5 liters of water containing about 
0.004 mole % deuterium was obtained. The isotopic composition of 



NATURAL ABUNDANCE OF HYDROGEN AND OXYGEN ISOTOPES 383 


the burned off-gas was found by analysis on the mass spectrometer. 
The analyses were checked qualitatively by calculations using the ob¬ 
served electrolytic-separation factor and a modified Rayleigh distil¬ 
lation formula. 



Fig. 6.1 Nickel electrolysis cell. 


(1) Flowmeter 

(2) Copper oxide 

(3) Solid-carbon dioxide trap 

(4) To vacuum 

(5) Electrolysis cell 

(6) Mercury cutoffs 

(13) Burner 


(7) Induction coil 

(8) Mercury 

(9) Sand 

( 10 ) Carborundum 

(11) Platinum mesh 

(12) Drying tube 


3 -liter Vatches^ * 2 ‘ and 

0.0012 mole % deuterium This * W&ter containin g about 

electrolysis cell shown in Fig 6 1 to fo ^ electrolyzed in the nickel 

*“■« .b„„, 0Ms „‘"« F % d«I,“ r ' ?°° “ “ »»- 

electrolysis in the nickel cell th* mi the be Sinning of each 

1 cell, the water was made alkaline (IN) by 
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the addition of anhydrous sodium peroxide which had previously been 
heated at 150°C under vacuum. The hydrogen peroxide formed in the 
water was decomposed catalytically by refluxing in the presence of 
platinum gauze. The hydrogen from the metal cell was burned with 



15 



5 





o 

<t 

UJ 
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Fig> 6> 2—Resolution curve obtained with the mass spectrometer for hydrogen gas 
from water containing 0.002 mole % deuterium. 


its own oxygen; excess oxygen was supplied from a commercial tank. 
In all the electrolyses, the tank oxygen was passed over hot copper 
oxide to remove all hydrogenous compounds and then through efficient 
solid-carbon dioxide traps to remove all water. 
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Over 800 ml of the light water was reelectrolyzed in the nickel 
cell. Unfortunately, dilution occurred during this step, and the water 
formed from the electrolyzed hydrogen was of about the same com¬ 
position as the starting water (about 0.0005 mole % deuterium). The 






Fig. 6.3 Resolution curve obtained with the mass spectrometer for hydrogen gas 
from water containing 0.10 mole % deuterium. 


electrolyzed water was, therefore, recombined with the residue and 
reelectrolyzed to form about 340 ml of water containing 0.00025 mole 
% deuterium. Finally, this was electrolyzed to form about 70 ml of 
water containing about 0.00006 mole % deuterium. 
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These light waters were analyzed by means of the mass spectrom¬ 
eter. Samples were decomposed by the zinc method (Chap. 4) and the 
resulting hydrogen samples were analyzed on the Nier II (2/3) mass 
spectrometer. This mass spectrometer had originally been designed 
to measure HD/H 2 ratios corresponding to 0.0149 mole % deuterium 
or greater. Analyses of samples of hydrogen gas containing concen¬ 
trations of deuterium as low as those present in the samples being 
considered brought up a problem of resolution that had not been en¬ 
countered previously. Figure 6.2 shows the resolution obtained with 
the instrument for hydrogen gas from water containing 0.002 mole % 
deuterium. This should be compared with the resolution curves in 
Fig. 6.3, obtained on the same machine for gas from water containing 
about 0.10 mole % deuterium. It is obvious that, for gas samples of 
low deuterium content, the mass-3 collector plate (Chap. 3) was re¬ 
ceiving a sizable portion of the mass-2 ion beam. In order to in¬ 
crease the resolution, the spectrometer tube was dismantled by 
Schwab and Inghram, 20 and the mass-3 collector slit was closed to 
7 mm. Upon reassembling the instrument it was found that, while the 
mass-3 peak was well resolved, its intensity was decreased in mag¬ 
nitude, Schwab and Inghram, therefore, decreased the sensitivity of 
the feedback amplifier to one-tenth of its original value by changing 
the grid resistor of the 959 tube from 20,000 to 2,000 megohms. This 
resulted in a corresponding decrease in the size of the mass-2 peak. 
The mass spectrometer was then operated with an increased gas 
pressure behind the capillary leak leading into the spectrometer tube. 
With this increased pressure the sizes of both the mass-2 and mass-3 
peaks were sufficiently large for precise readings. A typical resolu¬ 
tion curve is shown in Fig, 6.4. This curve was obtained for hydrogen 
gas from water containing 0.0012 mole % deuterium. A similar curve 

for hydrogen gas from water containing about 0.0006 mole % deute¬ 
rium is shown in Fig. 6.5. 

The mass spectrometer was used on a relative basis in this work. 
Hydrogen gas equilibrated with Columbia University distilled water 
was used as standard. A pressure curve was obtained for the hydro¬ 
gen gas evolved by the zinc method from one of the electrolyzed 
waters, and the intercept at zero pressure was noted. This intercept 
was then compared with that of a pressure curve for the standard gas 
obtained on the same day. From the ratio of the intercepts a value of 
0.00063 mole % deuterium was calculated as the deuterium content of 
the electrolyzed water. The hydrogen gas from this water was then 
used as standard for the analysis of waters of lower deuterium con¬ 
tent. One of these waters was then used as standard for analysis of 
the water of lowest deuterium content. The results obtained are sum¬ 
marized in Table 6.4. 
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For comparison, the values calculated from the fractionation factor 
of the electrolysis cell are included. Since the possibility of dilution 
during the burning of the electrolyzed off-gas always exists, the cal¬ 
culated values should be considered as minima. The mass-spectrom¬ 
eter values should, on the other hand, be considered as maxima, 



4.5 5.0 5.5 6.0 
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ACCELERATING VOLTAGE, ARBITRARY UNITS 


Fig. 6.4 Resolution curve obtained with the mass spectrometer for hydrogen gas 
from water containing 0.0012 mole % deuterium. 


since memory in the spectrometer and possible contamination of the 
water during reconversion to hydrogen for analysis may very well 
tend to make these values too high. Weighing these possible errors 
conservatively, the numbers in the last column were obtained as the 
most probable values for the deuterium content of these light waters. 

(b) Preparation of Normal-water Standards. The first step in the 
preparation of the standards with deuterium contents comparable with 
that of Columbia University distilled water was the establishment of 
standards with relatively high deuterium contents. These interme¬ 
diate standards contained about 0.26 to 1.25 mole % deuterium and 
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were made by diluting (with Columbia University distilled water) the 
waters, containing over 99.9 mole % deuterium, which had been used 
by Kirshenbaum, Graff, and Forstat in their work on the specific 
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Fig. 6.5—Resolution curve obtained with the mass spectrometer for hydrogen gas 
from electrolyzed water containing 0.0006 mole % deuterium. 


gravity of D z O. The dilution data for these intermediate samples are 
summarized in Table 6.5. From the data in Table 1.3, it is evident 
that heavy-water samples H-2033 and H-2036 contained 99.91 mole % 
deuterium, while H-2045 contained 99.94 mole % deuterium. 
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The intermediate standards were then diluted with the light waters 
to form the normal standard waters, i.e., waters with deuterium con¬ 
tents about the same as that of Columbia University distilled water. 
In order to assure that no systematic error would be introduced in 
comparing the deuterium content of Columbia University distilled 
water with that of the standards, standards containing both more and 
less deuterium than the distilled water were made. The dilution data 
and the deuterium contents of the various normal standards are given 


Table 6.4—Deuterium Content of Electrolyzed Waters 


Water 

sample 

A 

B 

C 


Mass 

spectrometer 


0.0006 

0.0003 

0.00007 


Deuterium, mole % 


Calculated Accepted 


0.0004 0.0005 ± 0.0002 

0.00015 0.00025 ± 0.00015 

0.00005 0.00006 + 0.00003 


Table 6.5 Dilution Data for Intermediate Standard Samples 


Sample 

1 

2 

3 

4 

5 

6 
7 


Heavy water used 


Deuterium 

in 

dilution 

Weight of 
distilled 

content of 
standard, 

Sample 

Weight, g 

water, g 

mole % 

H-2045 

0.7932 

98.7601 

0.731 5 

H-2045 

1.2312 

98.4766 

1.126 

H-2036 

0.5512 

99.3050 

0.510 o 

H-2036 

0.5327 

101.8785 

0.482, 

H-2033 

0.7155 

51.2894 

1.253 

H-2045 

0.2790 

99.653 

0.265 e 

0.0248 o 


by dilution of stl^ZdVlT™ ^ standard VIb Was made 

the same water Several d 'on-t Pr , evl0usl y bee " conditioned with 

from this tank and of the various standard'^ ° f ^ distiUed water 

- *—- - - 
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different aliquots of the distilled water were converted into hydrogen. 
The deuterium content of the hydrogen gas from the aliquots of the 
various normal standard waters was compared, on the Nier n (2/3) 
mass spectrometer, with the deuterium content of the hydrogen gas 
samples from the Columbia University distilled water by plotting 
pressure curves and comparing the extrapolated intercepts. Typical 

Table 6.6 — Deuterium Content of the Normal Standards 
Intermediate 

standard Light water 

Sample Sample Weight, g Sample Weight, g 

1 1 0.9888 A 48.7554 

n 2 0.6069 A 49.3043 

m 3 0.7951 C 25.3076 

IV 4 0.8004 B 24.4269 

V 5 0.2839 B 24.6094 

Via 6 2.3697 C 23.0447 

VIb 6A 5.1452 C 4.9520 

pressure curves are shown in Fig. 6.6. The comparisons were made 
in no regular order. Sometimes the pressure curves for a given ali¬ 
quot of a standard water were obtained before and after finding the 
pressure curve for an aliquot of gas from the distilled water. At 
other times, a gas sample from the distilled water was analyzed be¬ 
tween gas samples from two different standard waters. Thus at times 
the order of analysis on the mass spectrometer was standard water, 
Columbia University distilled water, and same standard water; where¬ 
as at other times the order was standard water, Columbia University 
distilled water, and different standard water. 

A typical order, corresponding to the pressure curves in Fig. 6.6, 
was Columbia University distilled water, aliquot 3; standard n, ali¬ 
quot b; Columbia University distilled water, aliquot 5; standard n, 
aliquot a; Columbia University distilled water, aliquot 7; standard ID, 
aliquot a. Values for the deuterium content of the Columbia Univer¬ 
sity distilled water were calculated from the intercepts of the pres¬ 
sure curves. Thus if C.U. signifies the Columbia University distilled 

water, then 

inte rcept with gas from C.U, 

Mole per cent D in C.U. - intercep t with gas from standard 

x mole per cent D in standard 


Deuterium 
content of 
standard, 
mole % 

0.0150 

0.0142 

0.0156 

0.0155 

0.0145 

0.0248 

0.0127 
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This ratio was obtained only for samples analyzed together. Thus 
Columbia University distilled water, aliquot 7, was compared only 
with standard H, aliquot a, and standard IE, aliquot a. It was not con¬ 
sidered necessary to purify either the distilled water or the standard 
water before conversion. 

As a check on the analytical procedure, the Columbia University 
distilled water was also compared with the standards by means of the 



Columbia University distilled *ater (aliquot Vi/o/stancL^d Jn X'ot a, " 0 ' ^ 


equtlibration method. Three different aliquots of the distilled water 
and at least two aliquots of each standard were used n thU Z l 

Approximately 5 ml of purified water Tnri 2ZZ, f Z WOrk - 

drogen at about IV, to iv ^ d 20 ^ of normal tank hy- 

6 dDout 1/3 to ly 2 atm pressure were* ho 0 h ,*« 

2T S were purmed by vacuura 
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two different methods of analysis is ±0.0001 3 mole % deuterium. 
Allowance for the uncertainty of the exact value of the deuterium con¬ 
tent of the deuterium-free water used to make the standards gives an 
uncertainty of ±0.0002 mole % deuterium in the value 0.0147 mole % 
deuterium. In addition to these results, data were also obtained using 
standard II. These data gave a value of 0.01535 mole % deuterium for 
Columbia University distilled water, which disagreed with the previ¬ 
ous result by an amount greater than the experimental error. This 
high value was, therefore, not considered in the average (the differ¬ 
ence is about five times the precision measure of ±0.0001 3 mole % 
deuterium). The high value may have been caused by incomplete mix¬ 
ing of the intermediate standard 2 before taking an aliquot for making 
normal standard II. In any case, averaging the high value of 0.0153 5 
mole % deuterium with the other data in Table 6.7 gives 0.0148 ± 
0.0003 mole % deuterium, taking into consideration the uncertainty in 
the deuterium content of the deuterium-free water. 


3. DEUTERIUM CONTENT OF VARIOUS NATURAL WATERS 


3.1 Introduction . Having established the deuterium content of the 
Columbia University distilled water stored in a special nickel tank, 
Kirshenbaum, Graff, and Forstat then determined the deuterium con¬ 
tent of numerous samples of natural waters. In order to be sure that 
the water samples being analyzed were representative, the sampling 
of the natural bodies of water was, in all cases, done below the sur¬ 
face. The waters were collected in pyrex bottles with ground-glass 
stoppers. After the bottles were filled, the stoppers were sealed into 

place with paraffin wax. A few of the samples were shipped in cans 
instead of the pyrex bottles. 

The water samples were purified before analysis, by either of two 
methods: 

1. A 50-ml aliquot was distilled to dryness from a barium oxide- 

potassium permanganate solution over hot copper oxide (400°C) at 
1 atm pressure. 


2. A 20-ml aliquot was vacuum distilled from alkaline permanga- 

r h !t T' f 6 Wat6r had bee " made alkaline - before distillation 
by the addition of metallic sodium. 

Poses no Mgnllle.M mi,„„ ln »£ 
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deuterium content of these waters was determined relative to that of 
the standard Columbia University distilled water by means of the 
mass spectrometer. Both equilibration and zinc methods were used 
to prepare hydrogen samples for comparisons. The method of com¬ 
parison is similar to that outlined previously in Sec. 2.3a. 

3.2 Water Samples Studied. It is advisable, before discussing the 
results obtained, to locate briefly the sources of the various waters 
analyzed. The following list is arranged alphabetically. 

1. Atlantic Ocean. This sample was taken on July 31, 1944, at 
30° 34' N by 72° 25' W, just below the surface of the water. The depth 
of the ocean at this point is about 260 fathoms. The sample was taken 
in the standard pyrex-glass bottle. 

2. Columbia River. Samples of the Columbia River water were 
taken at Trail, British Columbia, Canada, in October and November 
of 1943, and February, March, April, May, June, July, August, Sep¬ 
tember, October, November, and December of 1944. The samples of 
water arrived in Kimball glass bottles. 

3. Coosa River, Ala. The sample was taken from the Coosa River 
or its tributary near Sylacauga, Ala. The sample was received in 

August 1944 in a standard pyrex-glass bottle. 

4. Great Salt Lake, Utah. This sample was received in a standard 

pyrex-glass bottle on Oct. 20, 1944. 

5. Gulf of Mexico. This sample was taken from the Gulf of Mex¬ 
ico off Mobile, Ala. It had been requested that the sample be taken at 
least 20 miles off shore. The sample was received in a standard 


pyrex-glass bottle on Oct. 24, 1944. 

6. Hetch Hetchy Aqueduct. This aqueduct is in central California 

in the Yosemite National Park. This water is used as the San Fran¬ 
cisco water supply. It had been requested that the sample be taken 
from the powerhouse about 10 miles from Coulterville, Calif., east of 
San Joaquin Valley. The sample was shipped in a metal container. 

7 Hot Springs, Ark. The sample was taken from the springs in 
Building No. 8, Army-Navy General Hospital. It was received in a 

standard pyrex-glass bottle on Oct. 14, 1944. 

8. Hudson River. The sample was collected in a standard Pyrex- 

glass bottle at Glens Falls, N. Y., at a depth of about 7 to 8 ft and 20 


to 30 ft from the east shore. 

9 10. Kootenay Lake and Lower Arrow Lake. These lakes are 
part of the Columbia River and its tributaries and are s ^ ate ^^~ 
eral miles north of Trail, British Columbia, Canada. The sample 
from Lower Arrow Lake was taken July 17 1944, from 
the upstream side of the Castlegar Ferry. The sample from Kootenay 
Lake was taken the same day from the main stream approximately 
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Vi mile above Fraser’s Landing. The water samples arrived in stand¬ 
ard pyrex-glass bottles on July 28, 1944. 

11. Lake Ontario. The sample of this water was taken 1 mile out 
in the lake near the mouth of the Niagara River, about 2 ft under the 
surface. The sample was received in a standard pyrex-glass bottle 
on Aug. 23, 1944. 

12. Lake Superior. Samples of both the ice and water were taken 
approximately 1 mile from shore near Duluth, Minn., on Mar. 8,1944. 
The water samples were shipped in metal containers. 

13. Monongahela River. This sample was taken from the river 
near Morgantown, W. Va., approximately 25 ft from the shore and 3 ft 
below the surface. The sample was received in a standard glass bot¬ 
tle on July 17, 1944. The later samples from this source were col¬ 
lected on July 6, 1944, and July 7, 1944, respectively. 

14. Niagara River. This sample was taken in the middle of the 
west channel of the river, west of Grand Island, about 2 ft under the 
surface. It arrived in a standard pyrex-glass bottle on Aug. 23, 1944. 

15. Norris Lake. This lake is part of the TVA system in Tennes¬ 
see. The water sample was received Aug. 28, 1944, in a standard 
pyrex-glass bottle. 

16. Oil Wells: Associated Oil, Ventura, Calif. It had been re¬ 
quested that a sample of the salt brine in contact with oil in the mar¬ 
gin of the oil pool be obtained. It was specified that the brine should 
be of as high a density as possible and that it would be preferable if 
the sample came from a deep well close to the oil-producing part of 
the structure. It had also been suggested that the right sample might 

be found in the Hall Canyon area. The sample was received in a metal 
container. 


17. Oil Wells: Phillips Petroleum Co., Borger, Tex. It had been 
requested that a sample of the salt brine in contact with oil in the 
margin of the oil pool and near helium-rich gas be obtained from 
Amarillo, Tex. It was specified that the brine should be of as high a 
density as possible and that it would be preferable if the sample came 
from a deep well close to the oil-producing part of the structure. The 
sample was shipped in a metal container on Apr. 6, 1944. 

18. Pacific Ocean. This sample was taken in a standard pvrex- 

ern S Lrrm a a. n0 ° n ^ 3 °* ^ 2 ° mUeS ° ff south- 


19. Series Lake. This is a desert lake at Trona, Calif Several 
rivers. Today it is merely a shallow basin of salts saturated with 

««« X*UT r; “ "■*« «•»>“?2 

les. The total annual rainfall in the immediate vicinity of the lake 
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‘Values obtained in this table are based upon a value of 0.0147 mole % deuterium for Columbia University distilled water. 
tThe t indicates the a.d. for the aliquots. See Sec. 3.3 for discussion. 
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is only 3 to 7 in. but is probably somewhat more in the neighboring 
mountains. No surface waters reach the lake except occasionally 
after a cloudburst or freshet, but underground waters are flowing to 
it continually from the mountains and the upper part of the valley. 22 
The sample of water for analysis was shipped in a metal container on 
Apr. 6, 1944. 

20. St. Lawrence River. This sample was taken 15 miles below 
Montreal, between Montreal and Quebec just off Highway No. 2. The 
sample was taken 150 ft out from the northwest river bank, lVz ft 
under the water surface. There were no obvious sources of contami¬ 
nation. The sample was taken at a point where the river depth was 
estimated at 40 ft. The sample arrived in a standard pyrex-glass 
bottle on Aug. 30, 1944. 

21. Steamboat Springs. These are hot springs about 10 miles 
south of Reno, Nev. Two samples were received in metal containers: 
(1) Runoff. This presumably is a sample of the surface water formed 
from the steam as it rose from the springs. (2) Condensate. This is 
believed to be a sample of condensed steam. 

22. Violin Lake. Violin Lake is near Trail, British Columbia, 
Canada. Samples were taken on Sept. 22, 1943; Nov. 9, 1943; Feb. 7, 
1944; and June 26, 1944. These samples all arrived in Kimball glass 
bottles. 

23. Wabash River. The water sample was taken near Clinton, Ind., 
which is in the middle of the state at the western border, just north 
of Terre Haute. The sample was received in a standard pyrex bottle 
on July 20, 1944. 


3.3 Results . The experimental results are summarized in Table 
6.8. The experimental errors given in columns 4 and 7 are average 
deviations and not probable errors. A conservative estimate of the 


error to be assigned to the values in the last column is ±0.0002 mole 
% deuterium. Of the 21 samples analyzed by both the zinc and equi¬ 
libration methods, only in seven samples do the analyses obtained by 
the two methods differ by more than ±0.0002 mole % deuterium. This 
is significant if consideration is given the fact that the experimental 
errors in the equilibration method tend to be positive, whereas those 
m the zinc method may be negative. Since the tank hydrogen used for 
equilibration is electrolytic hydrogen from normal water, incomplete 
equilibration will give hydrogen gas having a deuterium content that is 
too high. Incomplete conversion of the water by the zinc method may 
result in gas containing too little deuterium owing to fractionation. 

*th ^ ° Samples (Kooten ay Lake and Lake Superior water) 

does the average value for the mole per cent deuterium, as given in 

the last column, differ by 0.00025 from the values observefby the 
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equilibration or zinc method. In all other cases, the deviation is 
±0.0002 or less, usually being ±0.0001 or less. 

The deuterium contents of most of the waters fall within the range 
0.0148 ± 0.0002 mole %. This, of course, is based upon a value of 
0.0147 mole % deuterium for Columbia University distilled water. 
Greene and Voskuyl 15 found a value of 0.0149 ± 0.0003 mole % (den¬ 
sity 16.0 ± 0.3 y) for the deuterium content of Cambridge, Mass., tap 
water. The agreement with the data of Kirshenbaum et al. is perfect. 
Dole and coworkers 2 reported a value of 0.0144 mole % (15.5 y) for 
the deuterium content of Lake Michigan water and 0.0146 mole % 
deuterium for Atlantic Ocean water taken 45 miles east of Cape Ann, 
Mass. Dole, however, points out that these values may be too low by 
0.0002 mole % deuterium (0.25 y). Adding 0.0002 to Dole’s values, 
values of 0.0146 and 0.0148 mole % deuterium for Lake Michigan and 
Atlantic Ocean, respectively, were obtained. These agree, well within 
experimental error, with the values 0.0147 to 0.0148 5 mole % deu¬ 
terium found by Kirshenbaum et al. for waters of the Great Lakes and 
with their value of 0.0150 mole % deuterium for Atlantic Ocean water. 

The waters of Columbia River, Kootenay Lake, Lower Arrow Lake, 
and Violin Lake have deuterium contents that are definitely lower 
than most of the other waters by about 0.0008 to 0.0009 mole %. This 
difference is significant and was confirmed by the work of Wright, 23 
whose results are discussed in Sec. 4. It is interesting to speculate 
as to why the waters near Trail, British Columbia, have a low deute¬ 
rium content. An explanation of this phenomenon may perhaps be 
found in the fact that the prevailing winds in the vicinity are south¬ 
west to west winds which have crossed the upper ranges of the Sierra 
Nevadas. Most of the precipitation from these winds has already oc¬ 
curred before they reach the tributaries of the Columbia River and of 
Lower Arrow and Kootenay Lakes. The winds are relatively dry. 

It is not too unreasonable to expect that fractionation may take 
place as precipitation of the water vapor from the air occurs. The 
first fraction precipitating may be somewhat enriched in deuterium 
owing to the difference in vapor pressures of H z O and HDO. There¬ 
fore as the winds rise to go over the mountains and much precipita 
tion takes place, the effect may essentially be that of a Rayleigh 
distillation in reverse, with the residual water vapor having a low 

deuterium content. Thus, on the basis of this hypothesis, the winds 
reaching the vicinity of Trail contain water somewhat deplete in 
deuterium. Consequently, the waters which receive the last rams 

from these winds have a low deuterium content. 

This explanation, however, needs experimental verification, 
though Parravano and Pesce 24 reported that water samples co ec 
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from the same rain (at intervals of 1 hr) have practically the same 
isotopic composition, the data in the literature are not sufficient for 
an unequivocal test of the hypothesis. The formation of rain or snow 
is not a simple process, and many different phenomena occur which 
may affect the isotopic composition of the water reaching the ground. 
Therefore consideration must be given such factors as relative hu¬ 
midity (before and after a rain), wind velocity and direction, altitude 
of the condensation region, etc., as well as the deuterium content of 
the rain water in order to test the hypothesis effectively. 

The results given in Table 6.8 for Searles Lake are consistent with 
the work of Washburn and Smith 46 in which no difference in density 
was found between the water from Searles Lake and the water from 
the Potomac River. The work of Greene and Voskuyl 1 and Kirshen- 
baum, Graff, and Forstat 16 indicates that the Potomac River has the 
same deuterium content as most of the fresh waters studied. On the 
other hand, Washburn and Smith reported a difference of 2.7 ± 0.7 y 
between the densities of water from the Great Salt Lake and the 
water from the Potomac River. There is no way, without further ex¬ 
perimental work, to decide how much of this difference is due to 
deuterium. 

Samples of water and ice from Great Bear Lake in the Northwest 
Territories (66° 05'N by 118° 01'W) in Canada were also analyzed, 
together with the other samples listed in Table 6.8. The results ob¬ 
tained over a period of several months were not sufficiently consis¬ 
tent to warrant drawing any quantitative conclusions. Indications 

were, however, that the deuterium content of these samples was 
lower than normal. 


The low deuterium content of the water samples from Steamboat 
Springs may be due to fractionation during the formation of the steam. 
This fractionation is normally expected because of the difference in 
the relative volatilities of H z O and HDO. There is a possibility that 
an explanation similar to that given for the Trail waters may also be 

2S ofTe S ere ' “ SH0Uld be rememb ered, is on the east 

side of the Sierra Nevadas and is an arid state. As a matter of fact 

Dole found that several Nevada surface waters and hot springs had 

e same density and that this density was 2.8 ± 0.6 y less than that 

of Lake Michigan water. He also found that about 2.2 y o f Ms T 

ference for one sample of Nevada water was due to o«. Thus these 

Ser’ °d th : baSiS ° fD ° le ’ S -uld seem to be abo"? 6 y 

about 0.0006 mole % deuterium tmZ I Z" dlfference is 
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An attempt was made to find out if seasonal fluctuations occur in 
the deuterium contents of the water near Trail. The data are given in 
Tables 6.9 and 6.10. The fluctuation, if any, seems to be within ex¬ 
perimental error. It should be noted, however, that the analyses for 


Table 6.9—Deuterium Content of Columbia River Water Processed by the 

Equilibration Method 


Date 

Oct. 15, 1943 
Nov. 9, 1943 
February 1944 
March 1944 
April 1944 
May 1944 
June 1944 
July 1944 
August 1944 
September 1944 
November 1944 
December 1944 



Total no. of 


No. of 

spectrometer 

Analysis of 

aliquots 

analyses 

water, mole % D 

2 

6 

0.0141, 1 0.00005 

2 

5 

0.0139, ± 0.00015 

2 

6 

0.0138 ± 0.0001 

4 

10 

0.0138 ± 0.0001 

2 

7 

0.0140, ± 0.00005 

2 

7 

0.0139, ± 0.00005 

3 

7 

0.0140 ± 0.00003 

2 

7 

0.0140 t 0.00000 

2 

6 

0.0140 ± 0.00000* 

6 

13 

0.0140, ± 0.0002 

2 

4 

0.0136 ± 0.0001 

2 

4 

0.0138, ± 0.00005 


Av. 0.0139 ± 0.0001 


*The zinc method was also used to process two aliquots; the result of 
six spectrometer analyses gave an average of 0.0139, ± 0.00005 mole % 
deuterium. 


Columbia River water collected in November, December, February, 
and March appear to be a little lower than those for waters collected 
during the other months. There is no analysis for January water. 

3.4 Deuterium Content of Other Waters . By combining the data 
in Table 6.8 with pertinent data from the literature, it is possible to 
calculate the deuterium contents of various other natural waters. The 
data used are those of Greene and Voskuyl 1 ’ 15 and Emeleus et al. 21 
These data are summarized in Table 6.11, The first column gives 
the source of the water. The South Wales spring was at Rosebush, 
Precally, The Sumatra water was obtained from a spring of carbon¬ 
ated water on the east coast of Sumatra. The second column gives 
the difference in density between the water listed and Cambridge, 
Mass., tap water. These differences are all zero within the experi¬ 
mental error. Cambridge tap water probably has the same deuterium 
content as most fresh waters in the United States, i.e., 0.0148 ± 0.0002 
mole % deuterium. Assuming that it is not likely for the hydrogen 
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Table 6.10 — Deuterium Content of Violin Lake Water 




Equilibration method 


No. of 

Total no. of 
spectrometer 

Analysis of 

Date 

aliquots 

analyses 

water, mole % D 

Sept. 22, 1943 

2 

7 

0.0141 1 0.0002 

Nov. 9, 1943 

3 

7 

0.0142 ± 0.0001 

Feb. 7, 1944 

5 

10 

0.0139 i 0.0001 

June 26, 1944 

3 

6 

0.0139 i 0.0001* 



Av. 

0.0140 ± 0.0001 


*The zinc method was also used to process two aliquots; the result of six 
spectrometer analyses gave an average of 0.0138 s t 0.00005 mole % deu¬ 
terium. 


Table 6.11 — Densities of Natural Waters from Various Sources 


Source of water 

Density,* y 

Reference 

Cambridge, Mass., 


1 

tap water 

Osaka, Japan, 

0.09t 

1 

tap water 

London, England, 

0.13 

1 

tap water 

Columbus, Ohio, 

0.02 

1 

tap water 

Washington, D. C., 

-0.15 

1 

tap water 

So. Wales, Great Britain, 

0.13 

1, 21 

spring water 

Sumatra, spring water 

0.13 

1, 21 


•Density of subject water minus that of Cambridge, Mass., 
tap water. 

tTitani and Morita 14 found a difference of 0.2 ± 0.2 y. 


and oxygen ratios to compensate in waters of widely differing isotopic 
ratios so as to result in the same densities for these various waters,* 
it may be concluded that all the waters listed in Table 6.11 probably 
have the same deuterium content (i.e., 0.0148 mole % deuterium) 
within a few ten-thousandths of 1 mole %. The densities of additional 
waters from various parts of the earth are given in Table 6.18. 


*See, however, Sec. 5.3, especially Table 6.16. 
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4. ELECTROLYTIC DETERMINATION OF THE ABSOLUTE VALUE OF 

THE DEUTERIUM CONTENT OF NORMAL WATER 

4.1 Introduction . An electrolytic method for the absolute analysis 
for the deuterium content of normal water is described by Wright. 23 
This method is an indirect one and does not require making deu¬ 
terium-free water. The water to be analyzed is fed continuously into 
a small V-shaped electrolytic cell, which operates under constant 
conditions of volume, temperature, and current. When the system at¬ 
tains equilibrium, the amount of deuterium entering the cell is just 
equal to that leaving the cell. The deuterium contents of the hydrogen 
gas and water vapor leaving the cell are then determined, and the 

amount of water vapor leaving the cell is measured. The concentra¬ 
tion of the feed is calculated from these data by means of a simple 
material balance. For this method to be reliable, the cell must oper¬ 
ate under conditions sufficiently steady to give constant gas analyses 
over a considerable period of time. This was found to be the case; 
the average deviation from the mean of a set of analyses made over 
periods as long as 7 days was 0.0002 mole % or better. This was 
taken as the criterion that equilibrium had been established. 

As has already been pointed out, an accurate analysis on the mass 
spectrometer usually requires the use of standards. The standard 
waters were made by weight dilution of deuterium oxide with ordinary 
water. As a first approximation, a deuterium content was assumed 
for the dilution water. If this assumed value for the deuterium con¬ 
tent of the dilution water were in error by as much as 0.001 mole %, 
then the deuterium content of the standard water would be uncertain 
by only 2 per cent and consequently the standard gas sample would 
have a 2 per cent uncertainty. Since the first water analyzed by the 
electrolytic method was the dilution water itself, a preliminary value 
of the deuterium content for the dilution water was first obtained. 
This value, when resubstituted into the equations used for the calcu¬ 
lations of the deuterium content of the standards, gave a final result 
accurate within the experimental error of the method. 

By far the most important analysis was that of the hydrogen off¬ 
gas. The correction for the forward flow of water vapor with the off¬ 
gases amounted to only about 10 per cent; the exact percentage was 
a function of the electrolytic-fractionation factor and of the tempera¬ 
tures of the cell off-gases. The amount of water vapor coming off 
with the gases was determined by measuring the temperature and 
pressure of the exit gases and by considering the exit gases to be 
about 85 to 90 per cent saturated with water; this factor was obtained 
by direct measurement. The water vapor was decomposed by the 
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tungsten decomposition method (Chap. 4, Sec. 3), and the resulting 
gas was analyzed, using standards in the same concentration range. 

The accuracy of this method, which is absolute and does not require 
deuterium-free water, is limited by the accuracy with which the equi¬ 
librium constant for the reaction 


J^Odiq) + HD(gas) st HDO(liq) + H 2 (gas) 

is known. This constant is probably known to ±2 per cent or better. 

4.2 Apparatus . The apparatus is shown schematically in Fig. 6.7. 
Three such cells were made and operated in series in a water ther¬ 
mostat. The electrolyte, 30 per cent KOH, was held at a level about 
% in. above the V in the cell, giving a volume of about 10 to 12 ml. 
The volume was made as small as possible in order that equilibrium 
might be attained in a minimum of time. The electrodes were pieces 
of platinum-rhodium gauze (ammonia oxidation catalyst, 5 per cent 
Rh) 2 3 /4 by Vi in., connected to iron leads with 3 /ie-in. stove bolts. The 
cells carried a current of 5 amp. Despite the very high current den¬ 
sity of approximately 5 amp/sq cm, there was only a very small 
amount of corrosion and the electrodes lasted very well. In contrast, 
a stainless-steel anode and a nickel anode disintegrated in less than 
30 min. A stainless-steel cathode was found to be quite satisfactory, 
but the fractionation factor was about 7 as compared with about 4 for 
platinum gauze. The lower fractionation factor makes for a smaller 
percentage vapor correction. This will be demonstrated in Sec. 4.4. 
Platinum gauze appeared to be better than sheet platinum. 

The lower tips of the electrodes were within Ve in. of the bottom of 
the V of the electrolysis cell. Some hydrogen may have passed off 
with the oxygen off-gas, but from observation apparently no oxygen 
entered the hydrogen compartment. Although no measurements were 
made of the off-gas purity, mass spectrometer results indicated good 
purity. In the preliminary design of the apparatus, copper furnaces 
were used to remove any oxygen mixed with the hydrogen off-gas. 
These, however, were later removed in order to minimize possibili¬ 
ties of fractionation due to exchange. 

For the cells as used, a minimum current of 5 amp was required 
for proper operation. The reason for this seemed to be that a high 
concentration of potassium hydroxide in both the cathode compart¬ 
ment and the body of the cell tended to develop, with a corresponding 
dilution of potassium hydroxide in the anode compartment. As a mat¬ 
ter of fact, a distinct interface separating two liquids of different 
density was observed at times at the base of the anode compartment. 
With insufficient turbulence and mixing, the depletion of electrolyte 
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END VIEW 


FRONT VIEW 


Fig. 6.7—Electrolysis apparatus. 


(1) Gas off-take 

(2) Iron lead wire wedged in tube with 
asbestos string, closed with sealing 
wax 

(3) Horizontal %-in. iron rods for sup¬ 
porting cells 

(4) Platinum gauze 

(5) Stopcock for filling siphon 

(6) To feed 

(7) Glass window, 4 in. x 9 in. 

(8) Electrolyte level 


(9) Overflow level 

(10) Vapor traps, 2 groups of 
3 strapped to tank 

(11) Gas outlet, hydrogen 

(12) Tubing dimension, 6 mm 

(13) Tubing dimension, 14 mm 

(14) Tubing dimension, 16 mm 

(15) Tubing dimension, 8 mm 

(16) Ground-glass joint, $ 24/40 

(17) Ground-glass joint, $ 19/30 

(18) Tank, 8 in. x 14 in. x 14 in. 


(19) Tubing dimension, 10 mm 


in the anode compartment resulted in an increase in cell resistance. 
This in turn decreased the current and consequently further reduced 
turbulence. This continued until the current approached zero. If, 
however, a current of 5 amp was used, sufficient turbulence and mix¬ 
ing occurred to permit maintaining full current at all times during 
the electrolysis. This current, moreover, was small enough not to 
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cause the formation of large gas pockets which might seriously 
change the liquid level in the cell. 

The temperature of the off-gas for the electrolysis cell was meas¬ 
ured by thermometers held in place in 10-mm tubing with a wedge of 



Fig. 6.8—Constant-feed device. 


fnchon taut:, sealed with Apiezon wax to make the connection gas- 
lg ht. The position of the thermometer bulb was, as seen in Fig 6 7 
just below the thermostat water line. The level of the electrofjrte’in 
the cell was maintained by means of a constant-feed constant ^level 

lys This oart of^h d ^ SySt6m t0 rUn without attention for several 
days. This part of the apparatus is shown in Fig. 6.8. Flow through 
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the wire capillary regulators was about 2.5 to 3 ml/hr. This was 
slightly more than the 1.8 ml (at 5 amp) required by the cell. This 
overflow of about 1 ml/hr was periodically returned to the feed res¬ 
ervoir bulb. 



Fig. 6.9—Thermostat control. 


The heat evolved by three cells, which was due to the current of 
5 amp, was considerable and required continuous cooling of the ther¬ 
mostat by means of running water. The cold-water flow into the ther¬ 
mostat was regulated by the thermostat control shown in Fig. 6.9. 
The position of the mercury level determined the fraction of the total 
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flow of water which entered the thermostat. With the tap water used 
for cooling at 15 to 18°C and room temperature at about 32°C, the 
lowest temperature obtained for the exit gas was 20 to 23°C. In one 
experiment, in which it was desired to reduce the vapor correction to 
a minimum, a refrigerator unit had to be used in the cooling-water 
circuit in order to maintain an exit-gas temperature of about 10°C. 

4.3 Procedure . Time was saved in operation of the cell by start¬ 
ing with electrolyte having a deuterium concentration close to that of 
the estimated equilibrium concentration. The cell was then operated 
for at least 2 days before starting to take gas samples for analysis. 
Gas samples were taken for a period of 2 days or more at approxi¬ 
mately 4-hr intervals. The temperature and pressure of the gas were 
also recorded at the same time. After equilibrium had been attained 
(usually after the first 2 days), a sample of the water vapor in the 
exit gases was obtained for analysis by passing the exit gases through 
solid-carbon dioxide traps for a period of 8 hr. 

During an experiment, the electrolysis cell was operated continu¬ 
ously at as constant a current as possible. The exit hydrogen was 
allowed to flush through a gas-sampling pipet. At the time of sam¬ 
pling, the stopcocks of the gas pipet were closed, and the pipet was 
removed quickly in order to avoid an increased pressure in the cell. 
Usually the water to be analyzed was fed directly into the cell without 
any preliminary purification except for filtration when necessary. If, 
however, the water was obviously dirty, it was purified before use. 

It was not necessary to clean the cell between experiments, nor did 
the electrolyte have to be changed. As a matter of fact the siphon 
was kept full, and only the feed bulb had to be cleaned and dried be¬ 
fore introducing a new sample. The 250 ml of sample in the feed 
reservoir bulb was enough to last about 6 days, which is sufficient 
time for an analysis. 

The gas samples (and the water-vapor samples after decomposi¬ 
tion) were analyzed on a Nier II (2/3) mass spectrometer (Chap. 3, 
Sec. 2), using gas standards prepared by equilibration of hydrogen 
with aliquots of standard waters. Three different sets of standard 
waters were prepared over a period of more than two months. The 
gases, prepared from these waters by equilibration, checked with 
each other in deuterium content within the best precision of the mass 
spectrometer. The error in gas analyses based on these standards 
should not have exceeded 1 per cent. The method of analysis on the 
mass spectrometer was similar to that already discussed several 
times in this book. Pressure curves were obtained for both standards 

and gas samples being analyzed, and deuterium contents were calcu¬ 
lated from the intercepts. 
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4.4 Method of Calcul ation of Results, (a) Derivation of Formulas. 
In the following equations, 


F 

E 

V 

H 

z 

y 

a 

x 

t 


time rate of feed of water, moles per day 

rate of electrolysis of water, moles per day 

rate at which water vapor escapes with off-gas, moles per 

day 

water in cell as electrolyte, moles 
deuterium in water vapor, mole per cent 
deuterium in off-gas, mole per cent 
deuterium in feed, mole per cent 
deuterium in cell electrolyte, mole per cent 
time of experiment, days 


0 = 


HDO 


H 2 0 


1 -y 


Of = 


_ y _ 


1 -X 
X 


= fractionation factor 


y 

0 = — = fraction of water vapor carried forward to water elec 
trolyzed 


y = 


1 -X 

l -y 


a0y = K 

At equilibrium 


Fa = Ey + Vz (deuterium material balance) 


( 1 ) 


F = E + V 


(water material balance) 


( 2 ) 


With no spray and with isotopic equilibrium established between 
the water vapor in the off-gas and the water in the cell, 


z = 0x 


where 0 = 0.93 at 20°C 

If spray does supply some of the water vapor in the gas or if isotopic 
equilibrium is not established, 0 is close to unity. From the defini¬ 
tion of the fractionation factor. 
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x 



1 -X 

i-y 



1 — ay 

1 -y 



Substituting for z in terms of y, and F and V in terms of E and 0, 



y( 1 + a **T=v) 

(1 + 0 ) 



It can be shown that the percentage vapor correction is a function 
of the fractionation factor (a). From the deuterium-balance equation, 
it is obvious that the percentage correction (C) is given by 


C = 100 


Vz 

Ey + Vz 


100 ^ z , 

y + 0z 



Since z « a/3y, 



100 


1 + a/30 


or 

8<b 

c = 100 r ^- ( 6 ) 


Thus the larger the fractionation factor (a), the larger the percentage 
correction (C). 

Moreover, by differentiation of the approximate equation 


a « 


y(l + a/30) 
(1 + 0 ) 



it is possible to obtain an estimate of the accuracy required for the 
measurements on the water vapor. Thus 


da ^ £0 J a/3 -1 

a (1 + a/30) dQr (1 + 0) (1 + <x/30) d<p ^ 

In the preceding equation with 

a = 4.5 

0 = 0.93 at 20°C 
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13 = 0.92 at 10°C 
<f> = 0.038 at 20°C 
<t> = 0.02 at 10°C 

y = 0.0125 (approximate equilibrium value) 
z % 0.052 


at 10°C 


and at 20°C 


da 

a 


% 0.017 da + 2.8 d <f> 


— « 0.030 da + 2.6 d <b 
a 




A 10 per cent error in the analysis of the water vapor (z) will give an 
error of da = 0.45, and a 10 per cent error in 0 means d0 = 0.002 at 
10°C and 0.0038 at 20°C. Therefore at 10°C 


— » 0.013 
a 


and at 20°C 


— » 0.023 
a 

Thus, with errors in the vapor analysis and in the vapor flow of 
10 per cent, the maximum error in the final answer is 1.3 per cent 
at 10°C and 2.3 per cent at 20°C. With errors in the measurements of 
5 per cent, the error introduced by the vapor correction is only about 
1 per cent of the final answer. 

The method of calculation of the final result may perhaps be best 
understood by illustration with a typical example. But before doing 
this it is advisable to consider how the value of <f> in the above for¬ 
mulas was obtained and to calculate the time required for the system 
to attain equilibrium. As to 0, it was assumed in preliminary experi¬ 
ments that the gas leaving the cell was saturated with water vapor at 
the exit temperature. Subsequent measurements on the cells, how¬ 
ever, showed the exit gas to be 85 to 90 per cent saturated. With the 
exit gases at a temperature of 22°C, the weighted average (hydrogen 
plus oxygen) of eight measurements was 90+5 per cent. With the 
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exit gas at 10°C, the average of four measurements was 85 ± 5 per 
cent. Measurements of the humidity of the oxygen off-gas were some¬ 
what uncertain owing to the presence of concentrated potassium hy¬ 
droxide solution on the exit glass tubing. The oxygen gas carried 
small amounts of potassium hydroxide solution on the exit glass 
tubing. The oxygen gas carried small amounts of potassium hydrox¬ 
ide mist which dropped from the gas at bends in the glass tubing, 
forming pockets of concentrated solution. These pockets of solution 
absorbed or gave off water vapor with changes in room temperature. 
In any case, as has already been seen, a ±5 per cent accuracy was 
quite sufficient since <jy is only a correction factor. Thus 



partial pressure of water vapor 
partial pressure of hydrogen and oxygen 



(vapor pressure of water) x (per cent saturation) 
(total pressure) - (vapor pressure of water) 


( 11 ) 

( 12 ) 


According to the vapor pressure data for potassium hydroxide in the 
International Critical Tables (Vol. Ill, p. 373), the vapor pressure of 
a 30 per cent potassium hydroxide solution between 10 and 25°C is 
about 60 per cent of that of pure water. Of course, whenever the ac¬ 
curacy is warranted, cf> can be measured directly by collecting all the 
water vapor from the off-gases. 

The time required for attainment of equilibrium can be calculated 
without too much difficulty. Using the nomenclature given at the be¬ 
ginning of this section, at any time t 


Fa-Ey + Vz + H— (deuterium material balance) (13) 

F = E + V (water material balance) 

where y and z are functions of time. The fractionation factor (a) may 
be written as 


y y 

In the experiments being considered, y varied from about 0.99 to 0.96 
and it may therefore be considered to be a constant. Therefore 


x = otyy 
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dx 

at" 



Substituting for x, z, V, and F and collecting terms, 

E[(l + 0)a - (1 + 0K)y] = OfyH 

dt 




where K = m/3y 

This is a simple ordinary differential equation whose solution is 

(1 + 0)a — (l + 0K)y _ 

(l + 0)a - (1 + 0K)y o exp 

As can easily be shown, at equilibrium, within the approximation 
stated, 


E(1 4-0 K)t 
ayH 


(16) 


_ (1 + 0) a 
Ye ' (1 + </>K) 

Defining 2 such that 



y = Ye “ 2 


the time equation becomes 


2(1 + 0K) _ 

(1 4- 0)a - (1 4- 0K)y o GXp 


E(1 4-0KH 
ayH 



At 20°C 


0 % 0.04 y «0.97 

a « 4.5 /3 ~0.93 

Using a feed composition of a= 0.0140 mole % deuterium and starting 
with the cell containing water of feed composition, y 0 = 0.00315 mole 
% deuterium. Letting 2 = 0.0001 mole % deuterium and using an 
electrolysis current of 5 amp, the time is found to be about 4 days. 
This means that starting with an electrolyte composition of 0.0140 
mole % deuterium (i.e., off-gas composition is 0.00315 mole % deu¬ 
terium) and electrolyzing with a current of 5 amp (E = 2.24 moles 
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per day) the off-gas composition at the end of about 4 days will differ 
from the off-gas composition at equilibrium by only 0.0001 mole % 
deuterium, a difference which is within experimental error. 

(b) Typical Calculation . A sample of laboratory distilled water 
was analyzed five times by the electrolytic method. The experimental 
data are summarized in detail in Table 6.12. The gas analyses were 
based upon standards made by dilution of deuterium oxide with the 
distilled water. In making the dilution, it had been assumed that the 
distilled water contained 0.0132 mole % deuterium. Recalculating the 
deuterium content of the standards, taking 0.0138, mole % as the deu¬ 
terium content of the distilled water and using these values in connec¬ 
tion with the mass-spectrometer data, a new value of 0.0140, mole % 
was obtained as the deuterium content of the distilled water. Using 
this value for the deuterium content of the distilled water and recal- 
culating the deuterium content of the standards, a final value of 
0 0l40 e or 0.0141 ± 0.0002 mole % deuterium was obtained for the 
standard distilled water. It should be noted that this process at the 
same time established the deuterium content of the water standards 
used for making the gas standards for mass-spectrometer analyses 
4.5 Results. The results obtained by Wright 23 using the electro- 

snn C „ T given in Table 6 - 13 - For comparison the corre- 

in this n tabl eSU TH reP ° rted ^ KirShenbaum et a1 -’ 6 ar e included 
method ' ^ a e reeme nt between the results obtained by the two 

methods is excellent and well within experimental error. 

5. NATURAL ABUNDANCE OF O 18 AND O 17 

In troductio n. Since oxygen is the most abundant element and 

is known to combine with most of the other elements, it was cho sen 

as the primary standard of chemical atomic weights Th! 1 

weight of ordinary oxygen was taken as 16.0000 Later the 
standard was adontpH 25 fn** # Later, the same 

the atomirweSts of thl e, SCale; tMs scale consisted of 

on the mass spectrometer In mo t0 ™ n ’ as determ ined 

announced their discovery of the ■’ V6r ’ Glauque and Johnston 26 

was this discoverywhichled to the' 5 maSSeS 17 and «. » 

tween the two scaTes* atomic ° f 3 be ‘ 

isol h p e e S C o ei ! l i6!00 S 0 C 0 a . le " ^ ^ the ° rdinarF «—r. of oxygen 

trometer ? permits^he'^le^nninau* = f 16 ;°° 00 - the maSS ce¬ 

ments with an accm-acv eTcee, T™ Weights °f some ele- 

methods now in use, it was (and s hum l m , P ° sslble b y th e chemical 
with the highest possible accuracy the coLlsToltTorVtelTZ 
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Average preliminary result = 0.0138 4 mole % D. 
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two scales of atomic weights. This has necessitated the determina¬ 
tion of the relative abundance of O 16 : O 17 : O 18 . 

5.2 Natural Abundance . A historical survey of this work is given 
by Aston . 27 Only those values which seem to be most accurate will be 
discussed in this section. Smythe , 52 using a positive-ray method of 
analysis, found an 0 16 /0 18 ratio of 503 ± 10 for oxygen from Pb0 2 . 
Manian, Urey, and Bleakney 53 investigated, by means of the mass 


Table 6.13 — Deuterium Content of Various Waters 


Deuterium, mole % 


Sample 

Wright 

Kirshenbaum 
et al. 

Difference 

Columbia River water 

February 1944 

0.0137 

0.0138 

-0.0001 

March 1944 

0.0138 

0.0138 

+0.0000 

April 1944 

0.0137 

0.0140, 

-0.0003, 

June 1944 

0.0141 

0.0140 

+0.0001 

Violin Lake 

0.0138, 

0.0140 

-0.0001, 


spectrometer, the natural abundance of the isotopes in oxygen derived 

from various meteorities and rocks. They obtained a 0 le /0 1B ratio 

of 514 ± 13. Murphey 54 analyzed oxygen from various commercial 
sources and from air. He found an 0 “>/O le ratio of 500 ± 15 Murphev 

also reported the O'VO 17 ratio as 4.9 ± 0.2. This is in substantial 
agreement with the earlier reported values 88 . 88 of 4.2 and 5. Recently 
rhode 88 reported a value of 490 for the 0 18 / 0 18 ratio 

Voskuyl, Inghram, and Rustad also worked on this problem In this 

h Sam H le ! 0f Columbia University distilled water were analyzed 
by two methods. First, several aliquots were made alkaline with 
metallic sodium and then electrolyzed. The off-gas was collected in 

e^cSer ™e WhlCl I had pr6Vi0USly been flush ed with nitrogen and 
vacuated. The isotopic composition of the oxygen prepared in this 

way was essentially that of the water, excepTfor an e!ecti- 0 T V Jc 
Se C re 0 nces°5 Y'Z Sf* T be6n reP ° rted in 4)16 literature (see' 

s ss. rsn on 4 m r a e s s s it spec rr er Similar t0 ^ 

Table 6 14 K * * The results > which are summarized in 

trometer 01 ““ t~- 

analyses. The analyses were made using the 
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ratio of the O^O 16 /© 16 © 18 and O^O^/O^O 17 peaks; the ratios 0 16 / 0 18 
and O 10 /O 17 were calculated from these data. 

The same aliquots of the distilled water were analyzed for the 
0 16 /0 18 ratio by means of the C0 2 -equilibration method. This analyt¬ 
ical method is described in detail in Chap. 4, Sec. 6.2. These results, 
together with data obtained by a direct mass-spectrometer analysis 
of oxygen from various commercial tanks, also appear in Table 6.14. 


Table 6.14 — Natural Abundance of the Oxygen Isotopes* 


Sample 


o ,6 /o 18 o I6 /o 17 


o ,9 /o 17 


Electrolytic method 


Aliquot 1 

514 

2,336 

4.5 

Aliquot 2 

538 



Tank 1 

504 

2,468 

4.9 

Tank 2 

500 

2,472 

4.9 

Tank 3 

496 

2,448 

4.9 

Tank 4 

514 




Av. 511 + 11 


Av. 4.8 + 0.2 


Equilibration method 

Aliquot 1 494 

Aliquot 2 536 

Av. 515+21 


*A11 analyses were made on Columbia University distilled 
water. 


Averaging the results obtained by the electrolytic method with the 
results obtained by the equilibration method gives a value for O 1 /O 
of 513. Inghram 58 considers a conservative estimate of the error in 
this result as ±30 (approximately 6 per cent). An average of all the 
values for 0 16 /0 18 and 0 18 /0 17 ratios discussed in this section gives 
the most probable values: 0 16 / 0 18 = 504 ± 8 and O 18 /^ 7 = 4.7 ± 0.3. 
Thus the natural abundance of the oxygen isotopes seems to be: 
0.198 ± 0.003 mole % O 18 and 0.042 ± 0.03 mole % O 17 . 

5.3 Variations in Natural Ab undance . A ±0.003 mole % variation 
in the O 18 content of a sample of water corresponds to a variation 
of about 3.6 y in density. This experimental uncertainty, although not 
too large, may be of sufficient magnitude to hide small variations in 
the O 18 content of oxygen samples derived from various sources. It 
is necessary, therefore, to see whether there are variations on a 
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relative basis. It is usually possible to detect these differences with 
a greater accuracy than is possible in determining the absolute val¬ 
ues of the isotopic ratios. 

Urey and Greiff 28 showed, by statistical mechanical calculations 
similar to those discussed in Chap. 2, that, if gaseous carbon dioxide 


Table 6.15—Differences in Density between Ordinary Water and Water 
Made from Atmospheric Oxygen and Normal Hydrogen 


Source of 
ordinary water 

Density 
difference, 
ppm* (y) 

Observer 

Year 

Reference 

Lake Michigan 

6.0 

Dole 

1935-6 

31 


6.6 

Swartout and Dole 

1936 

2 

Columbus, Ohio, 

6.6 

Hall and Johnston 

1935-6 

34 

tap water 

Cambridge, Mass., 

6.0 

Greene and Voskuyl 

1936 

33 

tap water 

Osaka, Japan 

7 

Morita and Titani 

1936 

32 

Potomac River 

8.6 

Smith and Matheson 

1936 

37 


6.1 

Jones and Hall 

1937 

35 

Lake Mendota 

7.1 

Alexander and Hall 

1940 

36 

Moscow River 

7.3 

Vinogradov and Teis 

1941 

38 

<U. S. S. R.) 


*ppm - parts per million (y) in density units, i.e. f 0.000001 density or specific 
gravity units. 


is brought into equilibrium with liquid water, the O 18 will concentrate 
m thecas. This was checked experimentally by Weber, Wahl, and 
Urey. It is to be expected, therefore, that carbonates and oxygen 
compounds derived from carbonates should have a higher O 18 content 
than does water. Such differences have been found. 

These differences of about 0.007 mole % O' 8 would correspond to 

differences of about 8 y in density if they were to occur in waters 
having the same hydrogen-isotope composition. 30 

et . a1 ' showed that atmospheric oxygen has a higher O 18 con¬ 
tent than has ordinary water, i.e., water from Lake Michigan and 

WaterS ‘ ThlS ^rence in terms of density of water as 

reported by various investigators, is shown in Table 6.15. Averaging 
value 8 6 Is of 6 ’ 8 1 °' 6 V * obtained, whereas if the 

”=IS SSJ SS2 
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later. These variations are, in any case, much smaller than the dif¬ 
ference in density between ordinary water and water made from at¬ 
mospheric oxygen and normal hydrogen. Several attempts have been 
made to explain this surprisingly large difference. These explana¬ 
tions are of sufficient interest to be considered briefly. 

Greene and Voskuyl 33 suggested that this difference may be due to 
the fact that carbon dioxide has a higher O 18 content than has water 
and that the oxygen of the atmosphere comes almost wholly from 
photosynthesis. This hypothesis is, however, untenable at the present 
time in light of the experiments of Ruben, Randall, Kamen, and Hyde, 39 
of Vinogradov and Teis, 38 and of Dole and Jenks, 40 which have shown 
that apparently most of the oxygen obtained during photosynthesis 
comes from the water and not from the carbon dioxide. Thus the 
oxygen of photosynthetic origin presumably has (if it is possible to 
extrapolate from experiments on a few plants to a generalization for 
the vast majority of plants) less O 18 than does atmospheric oxygen 
and consequently dilutes it. Photosynthesis per se does not seem to 
be the answer. 

It was also suggested 38 ’ 41 that the isotopic content of atmospheric 
oxygen is obtained by the exchange reaction 

2H 2 0 18 + O 16 ~ 2H 2 0 16 + OJ 8 

occurring at the low temperatures in the upper regions of the atmos¬ 
phere. It is assumed that equilibrium is attained through the action 
of the solar ultraviolet radiation, discharges, etc. On the basis of 
this suggestion and the assumption that the effect of ultraviolet light 
is most pronounced in the stratosphere (or isothermal portion of the 
atmosphere) at a height of 20 km where the ultraviolet radiation 
produces the greatest density of ozone, Dole 31 calculated the probable 
equilibrium oxygen-isotope concentrations. Using the method of Urey 
and Greiff and the temperature of this portion of the stratosphere 
(- 50°C), Dole showed that the isotopic exchange reaction can explain 
a difference of about 4.2 y between water formed from atmospheric 
oxygen and ocean water of the same hydrogen-isotope content. It is 
necessary, therefore, to see how the O 18 content of the ocean water 
compares with that of fresh water since the observed differences are 
based upon fresh water as standard. Gilfillan 42 found an average of 
2.3 y as the excess density of Atlantic Ocean water over Cambridge, 
Mass., tap water; Greene and Voskuyl 1 ’ 44 reported differences of 1.8, 
2.28, and 2.95 y using Cambridge tap water as standard; Neumann and 
Tohmfor 43 gave the difference in density between ocean water and 
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fresh water as 2.9 y; Wirth, Thompson, and Utterback 45 reported dif¬ 
ferences varying greatly but with an average of about 1.4 y\ and 
Washburn and Smith 46 gave the difference in density as 2 y. The work 
of Swartout and Dole 2 and Kirshenbaum et al. 16 indicated that the deu¬ 
terium content of Atlantic Ocean water near northeastern United 
States is within a few tenths of 1 y of the deuterium content of the 
various fresh waters. If this is the case, then most of this difference 


Table 6.16—Analysis of Various Polar Waters 


Density difference, y* 


Group 

Ad 

Ad H 

Ado 

I 

+2.6 

-1.7 

+4.3 

II 

+2.4 

+2.4 

0 

m 

+2.3 

+0.3 

+2.0 


‘The symbols Ad, Ad H , and Ad 0 are defined 
in the text. 


in density is due to the O 18 content; and, therefore, adding about 2 y 
to the 4.2 y calculated above gives roughly 6.2 y as the difference in 
density between normal fresh water and water of the same hydrogen- 
isotope content but made from atmospheric oxygen. This is in agree¬ 
ment with the average observed value as given in Table 6.15. Unfor¬ 
tunately, however, this reasoning may be faulty. The work of Brodskii 
and coworkers seems to indicate that extreme caution should be ex¬ 
ercised in drawing conclusions solely from density data without suf¬ 
ficient experimental information on isotopic contents. Brodskii and 
Radschenko, for example, studied the isotopic content of a number 
o water samples from the arctic seas and ice and the Arctic Ocean. 

ey found that these water samples could be divided into three 
groups, all having a density about 2.4 r greater than that of their 

fresh-water standard. Using the interferometer-plus-density method 

o analysis (Chap. 5, Sec. 3.7), they were also able to analyz^these 

amples for the deuterium and O 18 contents. Their results are sum- 
manzed m Tabie 6.16, where Ad is the excess density in over that 

J* * 1 /. Ad « iS the excess of deuterium in terms of density 

indicates that the waters being analyzed were lighter (i p tho* u * 

water! eUt6riUm “ ^ “ the ““ «-) rarest 

isr sition ° f sea wat - —• 

1 y alIlerenc es in the vapor pressures or differ- 
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ences in the rates of evaporation of the various isotopic forms of 
water. It may be that the above differences and variations exist in 
polar waters only. The formation and melting of ice on large scale 
may account for these differences. Teis and Florensky 49 studied the 
distribution of hydrogen and oxygen during the freezing of water, 
using analytical methods similar to those of Brodskii. They found 


Table 6.17—Effect of Freezing on the Isotopic 

Composition of Water 


„ , , Density difference, y* 

Relative volume 


of frozen water 

Ad 

Ad H 

Ado 

0.026 

+5.6 

-7.0 

+ 12.6 

0.045 

+6.3 

-8.0 

+ 14.3 

0.078 

+6.1 

-5.7 

+ 11.8 

0.14 

+1.3 

-5.5 

+6.8 

0.33 

-0.2 

-2.2 

+2.0 

*The symbols Ad, 

Ad H , and Ad 

o are 

defined in 


in the text. 


that the ice first formed contained more O 18 and less deuterium than 
did the starting water. With an increase in the relative volume of ice, 
the composition of the ice approached that of the water. Some of 
their data are summarized in Table 6.17. The extent of fractionation 
that occurred was found to depend upon the conditions under which 
the freezing took place, but the nature of the fractionation was not 
changed. 

In any case, the entire problem of the variations in the O 18 content 
of various waters and other sources of oxygen requires more experi¬ 
mental work before an adequate solution may be had.* It is recom¬ 
mended that a systematic study similar to that of Kirshenbaum, Graff, 
and Forstat be made in which the density, deuterium content, and O 
content of many samples of water are determined directly the iso¬ 
topic analyses, for example, by the use of a mass spectrometer. It 


♦Editor’s Note: Recent work by W. E. Roake and Malcolm Dole [J. Am. Chem. Soc., 
72: 36 (1950)1 seems to give a satisfactory solution to this problem. Their conclusions 
were based on an experimental study of the oxygen-carbon dioxide and oxygen-water 
vapor exchanges at a temperature of -50°C and in an electric discharge. Under these 
conditions, they believe that enrichment of O 18 in the stratosphere occurs by random 
isotopic exchange between oxygen and carbon dioxide. Their results could not e ex 
plained by the water vapor-oxygen exchange nor by an equilibrium exchange us ng 

either reaction. 
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would not be advisable to use a different, or indirect, method for the 
isotopic analyses. The interferometer-plus-density method is essen¬ 
tially an indirect method of obtaining both the deuterium and O 18 con¬ 
tents of a water sample. A study should also be made of the possible 
transformations between carbon dioxide, oxygen, and water that occur 
under action of ultraviolet light, the various discharges that occur in 
nature, etc. 

It has also been suggested that, since there are no winds or tem¬ 
perature gradients at any moment in the stratosphere, the gases of 
the atmosphere distribute themselves in the gravitational field of the 
earth in accordance with the hypsometric equation 


log p = log p 0 - 


0.014837 M 
T M a 


(h - h 0 ) 


where M a = 28.97 (molecular weight of dry air) 

M = molecular weight of the gas 

p = partial pressure of the gas at height h (height in meters) 
p 0 = partial pressure of the”gas at height ho (height in meters) 
T = average absolute temperature of the stratosphere (-55°C) 


There would therefore be a fractionation of the oxygen isotopes due 
to this gravitational distribution. Dole 31 calculated this effect and 
found that it would account for a 2,4 y difference between ocean water 
and water made from atmospheric oxygen. 

Before closing this chapter, it would be of interest to consider 
briefly the variations that may exist in the oxygen-isotope content in 
various fresh waters. As was seen in Table 6.1, Lake Michigan water 
was found by Greene and Voskuyl 1 to be heavier than Cambridge, 
Mass., tap water by about 0.6 y. If this difference is due to concen¬ 


tration by vaporization, then about 0.2 y would be due to deuterium 
and 0.4 y due to the O 18 content. Kirshenbaum et al. f it will be re¬ 
called, showed that the deuterium content of water from the Great 
Lakes was the same as most of the fresh waters studied within their 
experimental error of about 0.2 y (0.0002 mole % deuterium). Goto 
and Okabe 50 determined the densities of a number of samples of natu¬ 
ral water from different parts of the world relative to that of tap 
water at Osaka, Japan. Their results are given in Table 6.18. The 
density of Osaka water relative to a number of other waters can be 
found in Tables 6.1 and 6.11. Goto and Okabe estimated a ±0.5 y ex¬ 
perimental error in their results. It would seem, therefore, that a 

r n ; U n m fi ber n freSh Waters have 1116 same densit y t0 within about 

ti t iZ' ° nsequently > the ? ma y have the same deuterium con¬ 
tent to within about 0.2 y and the same 0‘» content to within 0 4 y 
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Teis 51 has, on the other hand, studied the relative densities of some 
Russian waters. Some of his results are summarized in Tables 6.19 
and 6.20. Transbaikal is in Siberia near Manchuria, north of Mon- 


Table 6.18 — Densities of Various Natural Waters Relative to 

Osaka, Japan, Tap Water 


Source 

Type of 
water 

Date of 
sampling 

Ad,* y 

Japan 

Osaka 

Tap 


±0.00t 

Tokyo 

Tap 


+0.4 

Muroran 

Tap 

3-29-36 

+0.2 

Niigata 


5-11-36 

+0.4 

Tokuyama 

Tap 

4-11-36 

+0.3 

Moji 

Tap 

4-20-36 

+0.2 

Kagoshima 

Tap 

2-17-36 

+0.4 

Kiirun 

Tap 

6-8 -36 

+0.2 

Takao 

Tap 

2-1-36 

-0.1 

Hongkong 

Tap 

4-13-36 

+ 0.0 

Manila 

Tap 

4-28-36 

+0.1 

Cebu, Philippines 

Tap 

4-30-36 

+0.1 

Singapore 

Tap 

3-3 -36 

+0.4 

Bangkok 

Tap 

5-10-36 

+0.6 

Colombo 

Tap 

4-4-36 

+0.0 

Bombay 

Tap 

5-20-36 

-0.5 

Mombasa, Africa 

Tap 

3-24-36 

0.0 

United States 

Cambridge, Mass. 

Tap 

12-22-36 

+0.2 

New York, N. Y. 

Tap 

2-26-36 

-0.6 

Norfolk, Va. 

Well 

1-2-36 

+0.5 

Jacksonville, Fla. 

Tap 

3-6-36 

+0.6 

Corpus Christi, Tex. 

Tap 

1-7-36 

+0.6 

Galveston, Tex. 

Tap 

1-6-36 

+0.6 

Houston, Tex. 

Tap 

1-14-36 

+0.6 

Los Angeles, Calif. 

Tap 

3-20-36 

+0.6 

San Pedro, Calif. 

Tap 

3-30-36 

-0.7 

Tacoma, Wash. 

Tap 

5-11-36 

+0.4 

Panama Canal 

Canal 

3-11-36 

+0.4 


*Ad = density of Osaka water minus density of unknown water. 
tStandard. 


golia. The rivers of Transbaikal are connected with an area of per¬ 
manently frozen water, and this may account for the lower densities 
of the water samples from this region. As can be seen from the data 
in Table 6.20, the density of the lake waters seems to be higher than 
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Table 6.19 — Relative Densities of Russian Rivers 


River 

Place of sampling 

Date of 
sampling 

Ad,* Y 

Moscow water 

Moscow 

11-4-39 

o.ot 

supply 

Volga 

Opposite town of Kosmodemiansk 7-31-36 

±0 

Dnieper 

(village of Korotki) 

Near Kiev, near the village 

9-11-36 

±0 

Ob 

Starosselye, at the vivarium 
of the Acad. Sci. SSR. of 
Ukraine 

Near the mouth of the river 

10-6-36 

±0 

Argun 

Tom, the village Biaguino 

In the Transbaikal, the 

7-27-37 

-2.4 

Gasimur 

village Olochi, near the 
Nertchinsk plant 

In the Transbaikal, near the 

7-1 -37 

-2.7 

Shilka 

hamlet of Trubachevo of the 
Gasimurosavodsky district 
Transbaikal, town of 

8-1935 

-2.2 

Sretensk 

*Ad = density of Moscow water minus density of 

unknown water. 


t Standard. 

Table 6.20—Relative Densities of Russian Lakes 


Lake 

Place of sampling 

Date of 
sampling 

# 

Ad,* > 

Senege 

Near the Podsolnechnaya 

7-23-38 

+2.2 

Pleshcheyevo 

October railway 

City of Pereyaslavl 

% 

11-1-38 

+ 1.8 

Razval 

City of Sol-Iletzk 

1937 

+ 1.9 

Kara Kul 

High Pamirs 

7-16-37 

+1.7 

Imandra 

Kola Peninsula, Verkny 

10-1936 

+2.1 

Baikal 

Bereg, north of the 
station of Imandra 

Near the Eup Ukhan 

1935 

0 


*Ad = density of Moscow water minus density of unknown water. 


that of the river waters. All lake samples were obtained at the sur- 

f. 1 of 15,5 meters > and water from Lake Baikal which was 
collected at a depth of 1,200 meters. " 
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6 . APPENDIX 

Greene and Voskuyl 15 ’ 16 determined the deuterium content of Cam¬ 
bridge, Mass., tap water by measuring the difference in specific 
gravity between the tap water and deuterium-free water; both waters 
had the same oxygen-isotope composition. Since details of the work 
of Greene and Voskuyl are not readily available, a brief description 
of their technique and a summary* of their data are included in this 
chapter. 60 

Normal! oxygen was produced in an apparatus consisting of five 
electrolytic cells having a total volume of 275 ml; the apparatus was 
equipped with a circulating system so designed that the electrolyte 
was thoroughly mixed. Platinum electrodes were used in these cells. 
The volume of the electrolyte in the cells was kept constant by intro¬ 
ducing distilled Cambridge tap water through a leveling device, which 
consisted of an inverted 2-liter reservoir that released water only as 
the level of the electrolyte required. By continued electrolysis, a 
steady state was attained at which the isotopic composition of the 
gases evolved was the same as that of the distilled water introduced. 
That a steady state was established was confirmed by recombining 
the off-gases and comparing the densities of the water sample so 
prepared with the feed water. The differences in the densities were 
found to be less than 1 ppm. A good portion of this difference may 
have been due to changes in the deuterium content of the off-gas be¬ 
cause of the greater electrolytic-separation factor for hydrogen as 
compared to oxygen (compare Sec. 4). 

Water free from deuterium was prepared by the recombination of 
the gases produced by the fractional electrolysis of distilled Cam¬ 
bridge tap water, using iron electrodes with a separation factor of 7. 
Three successive stages of electrolysis and recombination of the 
gases, obtained from the first 20 per cent of the electrolyte, were 
found to be sufficient to reduce the deuterium content to a negligible 
quantity. The purity of this deuterium-free water was verified by 
subjecting it to a final electrolysis and finding no further decrease in 

density upon recombination of the off-gases. 

The deuterium-free water thus prepared was reelectrolyzed in 
cells connected in series with those producing the normal oxygen, 


♦The summary is essentially that given by R. J. Voskuyl to I. Kirshenbaum, Novem- 
ber 1945. 

tThe term “normal" is used here to indicate that the oxygen has the same 0 ,e con¬ 
tent as Cambridge tap water. 
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and the proper off-gases were recombined to produce samples of 
water containing no deuterium but having normal oxygen. Traces of 
oxygen in the protium and traces of hydrogen in the normal oxygen 
were removed by passing the gases over hot copper and hot copper 
oxide, respectively. The gases were then dried, by freezing out the 
water vapor, before being combined. Three samples of water were 
thus prepared, the last of which was a reelectrolysis of the other two 
samples in order to ensure attainment of deuterium-free protium. 
Two density determinations were made on each sample,using a pres- 


Table 6.21—Density Deference between Cambridge Tap Water and Protium Oxide 



Balancing 
pressure 
for sample, 

Distillation correction 

Vacuum Two ordinary 

Balancing pressure 
for Cambridge tap 

Density 

difference 

No. 

cm Hg 

distillation 

distillations 

water, cm Hg 

cm Hg 

y 

1 

128.01 

-0.33 

-0.85 

82.05 

44.78 

15.88 

2 

128.19 

-0.79 

-0.85 

82.05 

44.50 

15.78 

3 

128.37 

-0.80 

-0.97 

82.16 

44.44 

15.76 

4 

128.04 

-0.30 

-0.97 

82.16 

44.61 

15.82 

5 

128.40 

-0.77 

-0.97 

82.53 

44.13 

15.65 

6 

128.33 

-0.90 

-0.97 

82.53 

43.93 

Av. 

15.58 

15.75 ± 0.09 


sure float at 4.58°C. 1 A discussion of the pressure float is given in 
Chap. 5, Sec. 2.3. 

Results obtained by Greene and Voskuyl are given in Table 6.21. 
Column 1 of this table gives the sample number. The balancing 
pressure, in centimeters of mercury, is given in column 2 for the 
protium oxide and in column 5 for Cambridge tap water. The latter 
values have been corrected for (1) isotopic fractionation during puri¬ 
fication distillations, (2) any differences between feed water to elec¬ 
trolytic cells and Cambridge tap water, and (3) variations in float 
over extended periods. The corrections to be applied to the data in 
column 2 are given in columns 3 and 4. The last two columns of the 

table give the differences in density, first in terms of pressure dif¬ 
ference and then in y. 

This difference in density of 15.75 y was measured at 4.58°C. 
Greene and Voskuyl calculated from this value the difference in den¬ 
sity at 25°C. They obtained a value of 16.0 ± 0.1 y. Voskuyl 15 how¬ 
ever, estimated the over-all uncertainty to be about ±0.3 y . 
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Maximum density of D z O, 12-13 
Melting of D 2 0, volume changes, 18 
Melting point of D z O, 19-20 
pressure coefficient for, 19 
Molar refraction of D 2 0, 34 
effect of H 2 0' 9 on, 35 
temperature coefficient of, 34 
Molecular volume of D 2 0, 17-18 
Molecular weight of D 2 0, 1 

N 

Nier I (see Mass spectrometer) 

Nier II (see Mass spectrometer) 
Normalization of water with S0 2 , 249 
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O 

Organic liquids, relative solubilities of 
D 2 0 and H a O in, 39 

P 

Phase diagram of D 2 0, 17-18 
triple -point pressure in, 20 
Pressure, vapor (see Vapor pressure) 
Pycnometer, 260-264 

R 

Refractive index of D 2 0, 34 
effect of H a 0 18 on, 35-36 
maximum, 34 
Refractometer, 348 
Relative density of D 2 0 (see Specific 
gravity) 

Relative solubilities of D 2 0 and H a O in 
organic liquids, 39 
Rotation, magneto-optic (see Verdet 
constant) 

S 

Salts, conductivity in D a O, 38 
solubility in D a O, 39 
Solubilities, relative, of D a O and H a O in 
organic liquids, 39 ' 

Solubility of deuterates, 39 
of salts in D a O, 39 
Sound, velocity in D a O, 37-38 
Specific gravity of D a O in 100 % range, 11 
comparison by two laboratories, 6 
correction for O 18 constant, 9-10 
typical calculation of, 10-11 
early values of, 2 

experimental determination at 25°C, 3 
mole % D in terms of, 14-16 
mole % H in terms of, 16 
of pure D a O, 12 

pycnometer used in determination, 6-8 
technique used in determination, 6-11 
typical calculations, 8-9 
variations with deuterium concentra¬ 
tion, 14 

derivation of, 14 
volume % D a O in terms of, 16 
volume % H,0 in terms of, 17 
weight % D a O in terms of, 17 


Spectrograph, light (see Isotopic analysis) 
Spectroscopic and calorimetric entropies 
of gases, 43 

Still, one-plate, for fractionation factor 
of D 2 0, 21-28 
Surface tension of D a O, 33 

variation with specific gravity, 33 

T 

Thermal conductivity of heavy water (see 
Isotopic analysis) 

Thermal expansion of D a O, 12 
Transition parameters of D a O, 18 
Triple-point pressure of D a O (see Phase 
diagram) 

Tritium exchange equilibrium constants, 49 
Tungsten filament decomposition of 
water (see Isotopic analysis) 

V 

Vapor pressure, of D a O, 20-25 
of HDO, 20-21 
of H 2 0 17 , 29 
of H a 0 18 , 29 

ratio of, for D 2 0 and H a O, 25 
for HDO and H a O, 25 
Velocity of sound in D a O, 37-38 
Verdet constant, 35-36 
Viscosity, of D a O, 33-34 

of heavy water (see Isotopic analysis) 
Volume change on melting of D a O, 18 

W 

Water, 44 

D a O, moments of inertia, 45 
partition functions, 54 
rotational constants, 47 
vibrational constants, 45 
effect of freezing on isotopic composi¬ 
tion, 420 

equilibrium constant, 65-67 
HDO, moments of inertia, 45 
partition functions, 47, 54 
rotational constants, 47 
vibrational constants, 45 
HjO, moments of inertia, 45 
partition functions, 47, 54 
rotational constants, 47 
vibrational constants, 45 
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PHYSICAL PROPERTIES AND ANALYSIS OF HEAVY WATER 


Water, natural, density of (see Density) 
deuterium content of (see Deuterium 
content) 

polar, isotopic analysis of, 419 
Westphal balance, 345 


Z 

Zero-point energies of D 2 0, 32 
Zinc decomposition of water (see Iso 
topic analysis) 
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